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FOREWORD 


This  is  the  final  report  on  work  done  by  Fenwal  Incorporated,  Ashland, 
Massachusetts,  under  Air  Force  Contract  No.  AF Project  No. 

This  program,  entitled  /investigation  of  Fiber  ^ 
was  conducted  between  ^  Mjux!n9^1  and 


6075.  Task  No.  607506 
t"  Optiqt_for  Hasard  De^ectjo^']^ 


30  June  1962  and  was  aamimstered  under  the  direction  of  the  Haxards  Pro¬ 
tection  Section,  Environmental  Branch,  Flight  Accessories  Laboratory, 
Aeronautical  Systems  Division.  Mr.  T.  M.  Trumble  was  Task  Engineer  for 
the  Air  Force,  with  Dr.  A.  C.  Traub  serving  as  Project  Engineer  for  the 
contractor. 


A  portion  of  the  work,  involving  certain  optical  aspects  of  glass  fibers,  was 
subcontracted  to  American  Optical  Company.  Another  subcontract,  concern¬ 
ing  image  tube  studies,  was  let  privately  to  Mr.  R.  M.  Burley  of  Concord, 
Massachusetts. 


The  author  wishes  to  acknowledge  the  personal  interest  and  assistance  of  the 
several  engineers  and  scientists  who  have  made  major  contributions  to  this 
effort  and  of  the  many  technical  personnel  who  supported  their  work;  in 
particular: 

1. )  Messrs.  G.  T.  Beery  and  T.  M.  Trumble  of  the  Flight  Accessories 

Laboratory,  who  initiated  and  supervised  the  project  and  whose 
personal  interest  and  co-operation  were  extremely  helpful. 

2.  )  Mr.  R.  M.  Burley  of  Concord,  Massachusetts,  who  expended 

considerable  personal  effort  in  assembling  most  of  the  material 
on  image  converters  and  intensifiers. 

3.  )  Dr.  W.  P.  Siegmund,  Dr.  M.  G.  Brown,  and  Mr.  E.  S.  Carpenter 

of  American  Optical  Company  who  have  made  substantial  contribu¬ 
tions  of  optical  information,  both  contractually  and  of  their  own 
accord. 

4. )  Mr.  J.  W.  Hicks,  Jr.,  of  Mosaic  Fabrications  Incorporated,  who 

has  offered  valuable  assistance. 

Within  Fenwal  Incorporated,  acknowledgement  is  made  to  Mr.  C.  F.  Rockwell 
who  provided  most  of  the  material  on  radiation  detection  systems,  with  con¬ 
tributions  by  Messrs.  L.  H.  Walbridge  and  L.  F.  Clark,  Jr.  ;  to  Messrs. 

S.  Dalzell,  J.  J.  Gassmann,  T.  S.  Jess  and  C.  H.  Mellor,  and  to  Miss  J.  E. 
Sylvester  for  major  contributions  on  the  mechanical  and  thermal  aspects  of 
fiber  optic  systems.  The  author's  appreciation  is  also  extended  to  Messrs. 

J.  J.  Foley  and  R.  J.  Bassett  for  invMuable  assistance  in  the  preparation  of 
most  of  the  drawings  and  photograjdis. 
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ABSTRACT 


glass  fiber  bundles  In  various  configurations  have  been 
subjected  to  extensive  optical,  mechanical  and  thermal  testing  and  to  various 
other  analyses.  The  report  provides  Important  Infornietlon  on  fiber  optic 
characteristics  as  well  as  design  considerations  for  developing  optimum 
systems. 

System  configurations  are  recomriended  which  would  extend  the  capabilities 
of  the  basic  fiber  bundle  in  meeting  the  diverse  requirements  of  Installation, 
operation  and  maintenance  In  various  applications.  An  experimental  fiber  opti 
-.y-tam  for  flame  detection  is  described.  It  uses  a  25  foot  long  bundle  and  in 
corporates  a  special  photoelectric  detection  system  and  other  embodiments  of 
o.  r  findings. 


This  report  has  been  reviewed  and  is  approved. 


WILLIAM  C.  SAVAOB 


Chief,  Snvlronmsntal  Branch 
Flight  Accessories  laboratory 
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INTRODUCTION 


The  routine  operation  of  an  aircraft  requires  that  the  pilot  have  inunediate 
and  reliable  information  in  the  event  of  a  vehicle  malfunction  so  that  corrective 
action  may  be  taken  quickly.  At  present,  the  occurrence  of  a  hazardous  situ¬ 
ation  is  communicated  to  the  pilot  throuj^  an  array  of  electrical  or  electronic 
devices,  such  as  engine  fire  or  overheat  detectors,  smbke  detectors,  fuel  and 
oil  pressure  gauges,  landing-gear  down-lock  indicators  and  others. 

Although  these  devices  are  highly  reliable  and  effective,  they  are  known  to 
malfunction  occasionally  and  to  provide  the  pilot  with  false  information,  or 
with  not  enough  information,  such  as  whether  an  engine  fire  is  an  especially 
violent  one  or  is  fairly  localized  and  can  be  controlled.  A  vital  ingredient 
which  these  devices  lack  is  the  ability  to  put  the  pilot  into  close  psychological 
touch  with  the  occurrence.  He  must  rely  upon  his  instruments  and  often  wonders 
if  they  themselves  are  operating  properly.  Pilots  have  been  known  to  remark 
that  if  they  could  see  into  an  engine  compartment  "with  their  own  eyes",  then 
they  would  believe  what  the  instruments  are  telling  them. 

Accordingly,  it  was  the  purpose  of  this  effort  "to  put  the  pilot's  eye  into  the 
engine  compartment"  or  other  remote  location  so  that  he  personally  might 
evaluate  the  visual  information  and  form  his  own  Judgment  of  whether  an  alarm 
condition  existed. 

Our  purpose  has  been  to  determine  whether  the  fairly  new  science  of  fiber 
optics  might  provide  solutions  to  certain  problems  in  the  detection  of  engine 
fires  and  other  hazards  by  aircraft  crew  members  during  flight. 


Manuscript  released  by  the  author  on  28  September  1962  for  publication  as  an 
ASD  Technical  Documentary  Report 
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SUMMARY 


This  atady  has  attempted  to  establiah  the  effectiveness  of  various  fiber  optic 
system  configurations  in  providing  positive  visual  identification  of  certain 
flight  hazards;  it  has  also  examined  the  compatibility  of  such  systems  with 
the  environmental  rigors  of  airborne  operation. 

It  is  not  the  purpose  of  a  fiber  bundle  to  serve  as  a  primairy  alarm  device, 
for  this  would  imply  the  need  for  continuous  monitoring  by  the  pilot  or  other 
crew  member.  Instead,  the  bundle  is  intended  for  operation  in  support  of 
associated  or  separate  malfunction  detectors  in  order  to  provide  highly  re¬ 
liable  verification  or  supplemental  information. 

The  findings  of  this  study  are  that  fiber  optic  systems  can  be  used  to  great 
advantage  in  providing  flight  crews  with  reliable  knowledge  of  certain  hazardous 
conditions  in  remote  areas  of  the  flight  vehicle.  The  effectiveness  of  the  system 
is  limited  only  by  the  degree  of  refinement  specified  by  the  designer.  When 
good  visual  acuity  must  be  provided,  such  as  if  the  operation  of  a  landing- gear 
down- lock  must  be  observed,  a  fiber  system  can  be  speciRed  which  will  pro¬ 
vide  an  image  quality  comparable  to  that  rf  the  finest  color  television  system. 
Where  one  simply  wants  to  identify  a  flickering  yellow  fire  in  an  otherwise 
dark  engine  compartment,  considerable  savings  in  weight  and  cost  may  be 
realized  by  the  use  of  a  very  simple  "light  pipe"  (or  scrambled  fiber  bundle) 
configuration. 

Laboratory  tests  conducted  as  a  part  of  this  program  have  indicated  that  such 
systems,  when  properly  designed,  should  be  extremely  adaptable  to  the  adverse 
mechanical,  thermal  amd  other  Influences  which  accompany  airborne  and  aero¬ 
space  vehicle  operations. 
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SECTION  1 


PRELIMINARY  CONSIDERATIONS 

This  section  presents  a  definition  and  brief  historical  review  of  fiber  optics, 
limited  to  those  events  which  are  of  interest  to  the  present  problem.  It  also 
discusses  the  hazard  detection  problem,  those  optical  features  of  fiber  bundles 
which  clearly  lend  themselves  to  solutions  of  the  problem,  and  the  known 
physical  properties  of  fiber  bundles  which  had  to  be  more  fully  investigated 
in  order  to  establish  the  limits  on  the  capabilities  which  the  fiber  science  could 
offer. 

1. 1  History  of  Fiber  Optics 

Fiber  optics  is  the  science  dealing  with  the  transmission  of  electromagnetic 
radiation  through  transparent  filaments  which  are  long  compared  with  their 
diameters.  The  fiber  diameters  of  interest  are  small  enough  to  permit  sub¬ 
stantial  bending  without  breakage  and  therefore  they  allow  the  possibility  of 
flexible  fiber  bundles  which  can  transmit  light  from  one  place  to  another  along 
a  curved  path. 

If  the  fibers  are  intentionally  arranged  in  an  orderly  manner  in  a  fiber  bundle, 
so  that  the  opposite  ends  of  each  fiber  occupy  corresponding  positions  in  the 
end  faces  of  the  bundle,  an  entire  optical  image  can  be  transmitted.  The 
bundle  transmits  the  image  by  means  of  ^static  scanning**,  or  simultaneous 
point  by  point  transmission  of  each  element  of  the  image.  This  is  to  be  con¬ 
trasted  with  dynamic  scanning  as  is  used  in  television  and  facsinoile  trans¬ 
mission  :,n  which  t  e  image  points  are  scanned  consecutively  and  transmitted 
by  a  single  channel. 

It  has  been  known  for  many  years  that  smooth -walled,  transparent  cylinders, 
such  as  glass  or  plastic  rods,  have  the  ability  to  conduct  light  from  one  end  to 
the  other  by  means  of  multiple  internal  reflections.  This  conduction  phenomenon 
occurs  even  within  narrow,  flexible  filaments  of  such  materials  and,  moreover, 
the  filaments  may  be  rather  sharply  bent  without  seriously  reducing  the  light 
transmission. 

Such  a  filament  can  be  used  to  conduct  Ught  from  one  point  to  another,  although 
the  emergent  light  is  simply  a  spot  of  one  color  and  intensity  only  and  does  not 
include  any  pictorial  information  which  may  have  been  contained  in  the  light 
striking  it.  This  is  because  the  multiple  reflections  from  the  walls,  ndiich 
appear  shiny  from  the  inside,  have  the  property  of  averaging  out  any  color  and 
intensity  variations  which  may  exist  over  the  end  face  as  the  li|^t  enters  it. 

In  1920,  a  review  of  electromagnetic  wave  propagation  throu|^  transparent 
filaments  was  presented  by  Schriever  (9)*.  In  the  mid-1920's,  patents  were 

*Numerals  in  parentheses  refer  to  published  works  in  Bibliography  and  References 
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applied  for  by  Baird  (12)  and  by  Hansell  (15)  which  auggeeted  the  use  of  many 
such  filaments  in  parallel  to  conduct  the  many,  separate  spots  of  light  which 
make  up  the  entire  image  of  an  object.  The  idea  was  apparently  first  reduced 
to  practice  by  Lamm  (7)  in  the  late  1920 's. 

At  that  time,  little  was  known  about  practical  means  for  making  and  aligning 
small,  transparent  fibers  and  preventing  light  leakage  between  walls  of  adjacent 
fibers.  Consequently,  the  art  did  not  advance  appreciably  for  several  decades, 
although  many  ideas  were  proposed  and  patented  involving  the  use  of  light¬ 
conducting  filaments  for  television  systems,  endoscopes  and  so  forth. 

In  1953,  van  Heel  (10)  in  Holland  reported  on  a  method  of  optically  insulating 
small  glass  fibers,  following  this  with  another  paper  (11)  in  1954.  In  that  year, 
Hopkins  and  Kapany  (3)  in  England  described  a  practical  method  of  aligning  the 
fibers  and  apparently  coined  the  name  "fiberscope**.  Meanwhile,  work  was 
under  way  by  O'Brien  in  the  U.S.  on  fiber  cladding  and  other  improvements 
and  a  patent  application  describing  Improved  fiberscopes  was  filed  in  1954  (17). 

Shortly  thereafter,  serious  research  in  fiber  optics  was  begun  at  American 
Optical  Company,  Bausch  k  Ixnnb  Optical  Company,  and  the  University  of 
Rochester;  this  was  followed  shortly  by  work  at  Armour  Research  Foundation, 
the  University  of  Michigan,  American  Cystoscope  Makers  Incorporated  and 
Mosaic  Fabrications  Incorporated. 

The  efforts  of  these  and  other  highly  competent  groups  soon  brought  fiber 
bundles  to  the  stage  of  commercial  feasibility;  the  bundles  could  be  made 
reproducibly,  the  image  quality  was  good,  and  the  cost  was  within  reach  of 
many  potential  users.  As  industry  became  aware  of  the  technical  possibilities 
of  the  fiberscope  and  its  non-image-bearing  counterpart,  the  "light  pipe", 
increasing  numbers  of  diverse  applications  were  suggested  and  experimental 
fiber  bundles  were  prepared  in  various  configurations  for  evaluation. 

In  1958,  the  possiUe  use  of  fiber  bundles  as  aircraft  hasard  detection  devices 
was  suggested.  Research  was  initiated  on  the  use  of  fiber  bundles  in  providing 
flight  crews  with  indisputable  visual  evidence  of  possible  malfunction  conditions 
in  remote  parts  of  flight  vehicles.  Other  objectives  of  this  effort  were  to  develop 
packaging  configurations  vdiich  would  render  the  fibers  suitable  for  the  rigors  of 
aerospace  operating  environments  and  to  combine  the  image -transporting 
capabilities  of  fiber  bundles  with  the  known  capabilities  of  various  photoelectric 
detection  systems  for  aircraft  fire  warning  applications. 

Many  problems  remained  to  be  solved,  however,  for  the  environmental  problems 
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and  the  bundle  length  requirements  for  aircraft  use  introduced  complications 
which  had  not  been  considered  during  the  earlier  efforts.  Also,  the  optical 
capabilities  and  limitations  of  various  fiber  bundle  configurations  had  to  be 
scrutinised  closely  so  that  the  system  would  not  be  over-  or  underdesigned  to 
meet  the  requirements  of  any  given  aircraft  application. 

The  problems  were  outlined  in  detail  in  an  unsolicited  proposal  submitted  to 
WAJDC  by  Fenwal  in  1959.  A  modified  version  of  this  proposal  to  WADD  in 
19^0  led  to  the  present  contract. 

1.2  The  Hazard  Detection  Problem 


Most  of  the  malfunctions  which  occur  in  aircraft  engines  or  elsewhere  are 
detectable  visually  from  some  appropriate  nearby  vantage  point;  an  engine  fire, 
a  smoky  oil  leak  onto  a  hot  surface,  a  landing-gear  locking  pin  not  in  position, 
and  many  others,  can  be  seen  plainly  by  an  eye  located  in  the  proper  place. 

Other  types  of  malfunction  are  not  as  readily  apparent;  a  hot  gas  leak  in  a 
burner-can  may  not  be  very  luminous;  an  engine  part  may  become  seriously 
overheated  without  being  hot  enough  to  glow,  and  so  forth. 

The  intended  purpose  of  a  fiber  bundle  is  not  to  make  invisible  occurrences 
become  visible  (although  one  phase  of  this  program  does  examine  the  possibility 
of  infrared-to- visible  image  converters  for  use  with  certain  bundles).  Instead, 
its  function  is  merely  to  transmit  an  image  of  "anything  that  the  eye  can  see", 
and  to  do  so  efficiently,  reliably  and  economically. 

Consequently,  this  study  has  concentrated  on  the  ability  of  fiber  bundles  to 
transmit  specific  types  of  visual  information,  with  primary  attention  being  paid 
to  large  and  small  flickering  or  steady  yellow  flames,  such  as  might  result  from 
a  fuel  leak.  Attention  has  also  been  paid  to  blue  flames  typifying  high  altitude 
diffusion  flames  or  certain  luminous  hot  gas  leaks,  and  to  the  ability  of  fiber- 
scopes  of  various  sizes  and  shapes  to  transmit  clear,  detailed  images  of  engine 
structural  parts  and  accessories,  for  cases  in  which  these  need  to  be  monitored. 

Auxiliary  studies  were  concerned  with  photodetcction  equipment  for  specific 
use  with  fiber  bundles  in  order  to  provide  automatic  notification  of  a  possible 
fire  condition  or  other  unusual  light-level  situation  requiring  visual  inspection 
by  the  pilot. 

1.2.1  Fiber  Optics  Capabilities 

Although  the  known  capabilities  of  fiber  optics  are  not  rightly  a  part  of  the  pro¬ 
blem,  they  are  listed  here  in  order  to  provide  a  setting  against  which  the  sub¬ 
sequent  sections  may  be  viewed  in  proper  perspective. 

A  well-designed  and  manufactured  fiberscope  has  the  ability  to  transmit  extremely 
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high  quality  images  over  distances  of  several  feet.  The  image  quality  can  be 
comparable  to  that  of  the  finest  closed-loop  color  television  system,  if  a  suit¬ 
able  number  of  fibers  is  used,  and  yet  the  bundle  is  completely  inert,  requiring 
no  operating  power  or  circuitry  components.  Objects  are  rendered  in  natural, 
lifelike  appearance,  except  for  some  color  distortion  which  is  noticeable  in 
bundles  of  about  ten  feet  or  longer;  this  distortion  is  caused  by  the  greenish 
color  of  the  optical  glass  used  in  the  fibers  but  is  easily  corrected  with  color 
compensating  filters  (see  Paragraph  3.1.6). 

A  typical  diameter  for  each  fiber  used  in  such  devices  is  0.002".  In  such 
diameters,  glass  fibers  are  extremely  soft  and  flaxen-like  and  are  capable  of 
withstanding  much  more  severe  mechanical  abuse  than  one  would  expect  for 
glass  in  its  ordinary  forms.  Moreover,  the  softening  point  for  most  fiber 
optic  glasses  is  in  the  neighborhood  of  1000*F,  so  that  the  glass  itself  is  not 
the  limiting  factor  in  the  use  of  fiber  bundles  for  most  aircraft  applications 
involving  high  temperatures. 

1.2.2  Fiber  Optics  Limitations 

A  principle  limitation  in  the  effectiveness  of  fiberscopes  and  light  pipes  is 
imposed  by  the  inevitable  light  absorption  of  the  glass  or  other  material  of 
which  the  fibers  are  composed.  A  further  transmittance  loss  occurs  because 
of  microscopic  irregularities  in  the  wall  finish  of  each  fiber,  and  these  are  an 
almost  unavoidable  feature  of  present  day  fiber  drawing  techniques.  Typical 
transmittance  losses  in  fibers  amount  to  about  fifty  per  cent  per  seven  foot 
section  (on  the  basis  of  the  amount  of  light  entering  that  section)  although 
under  optimum  manufacturing  conditions  losses  of  only  fifty  per  cent  in  twelve 
feet  have  been  claimed.  Further  looses  occur  as  "packing  losses"  because 
the  round  fiber  ends  do  not  make  full  use  of  the  end  face  area;  also,  minor 
reflectance  losses  occur  at  the  fiber  ends  as  light  passes  into  or  out  of  the 
fibers. 

It  was  beyond  the  scope  of  this  effort  to  effect  improvements  in  fiber  trans¬ 
mittance.  Instead,  it  was  our  purpose  to  determine  how  serious  these  light 
losses  would  be  in  view  of  the  fiber  bundle  lengths  which  might  be  needed  in 
many  modem  aircraft.  As  will  be  seen  in  Paragraph  3.  t.  il,  today's  fiber 
bundles  are  recommended  for  use  in  maximxun  lengths  of  between  fifty  and  one 
hundred  feet,  depending  upon  the  brightness  of  the  target  and  the  suitability  of 
the  viewing  conditions. 

A  possible  limitation  which  had  to  be  examined  was  the  ability  of  glass  fibers 
to  withstand  severe  mechanical  environments.  Although  the  yam-like  softness 
of  the  fiber  material  would  lead  one  to  expect  good  durability  under  normal  air¬ 
craft  operating  conditions,  the  extent  of  this  durability  had  not  been  measured, 
in  terms  of  standard  military  specifications.  It  was  our  purpose,  therefore,  to 
study  the  resistance  of  glass  fibers  to  various  mechanical  stresses,  particularly 
to  vibration,  as  influenced  by  the  type  of  jacketing  in  which  they  were  contained. 
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and  thus  to  establish  a  firm  quantitative  basis  for  any  considerations  regarding 
the  suitability  of  fiber  bundles  for  aircraft  environments. 

Although  the  glass  fibers  themselves  can  tolerate  environmental  temperatures 
of  about  1000*F,  the  epoxy  resins  which  are  customarily  used  for  potting  the  end 
faces  begin  to  deteriorate  at  much  lower  temperatures.  It  was  in  this  area  that 
one  of  the  few  advancements  in  the  art  was  proposed  as  a  part  of  this  effort; 
accordingly,  a  study  of  high  temperature  potting  compounds  was  tmdertaken,  with 
results  which  we  feel  have  Justified  the  effort,  as  will  be  seen  in  Paragrajdi  3.  3. 

A  possible  problem  was  anticipated  in  the  case  where  a  particularly  long  fiber 
bundle  might  have  to  be  installed  in  an  aircraft  as  a  single  element.  The  difficulty 
of  threading  a  twenty-five  or  fifty  foot  bundle  through  a  circuitous  path  involving 
bulkheads  and  firewalls,  and  the  possibility  that  a  single  break  during  installation 
would  render  the  entire  bundle  useless,  made  it  desirable  for  us  to  consider  the 
possibility  of  a  fiber  bundle  assembled  in  place  by  the  coupling  together  of  modular 
lengths.  The  particular  problem  was  focused  upon  the  coupling  joint,  for  no 
knowledge  existed  as  to  how  a  mechanical  coupling  should  be  made  which  would 
be  practical  and  yet  which  would  satisfy  the  difficult  optical  requirements  of 
minimum  degradation  of  the  image  as  it  passed  out  of  one  bundle  end  face  and 
into  the  next.  Kioreover,  in  anticipation  of  the  possible  use  of  automatic  alarm 
and  test  circuits  in  a  practical  fiber  bundle  system,  it  would  be  necessary  to 
provide  electrical  power  leads  integrally  with  the  fiber  bundle  assembly  in  order 
to  allow  test  lights  within  the  pickup  head  to  be  energised.  The  mating  connectors 
therefore  had  to  provide  electrical  continuity  between  power  leads  and  return 
leads,  besides  meeting  other  criteria  which  we  had  arbitrarily  established, 
such  as  their  being  readily  demountable,  reliable,  economical  and  capable  of 
automatically  aligning  the  bundle  end  faces  with  optical  precision. 

A  connector  study  was  therefore  included  as  a  part  of  this  effort,  and  its  results 
are  reported  in  Paragraph  4.4. 

A  large  part  of  the  effort  was  concerned  with  the  question  of  Just  how  refined 
a  fiber  bundle  design  need  be  for  a  particular  detection  problem.  One  would  not 
want  to  specify  a  high  resolution  fiberscope  for  the  simple  detection  of  a  yellow 
flame  in  a  dark  Jet-engine  compartment,  nor  a  low  resolution  light  pipe  where 
high  visual  acuity  was  needed.  The  question  of  overdesign  versus  underdesign 
is  not  regarded  here  as  a  limitation  of  fiber  bundles  themselves,  but  rather  as 
a  limitation  in  one's  knowledge  of  them,  for  no  scientific  foundation  existed 
as  the  basis  for  one' s  selecting  the  proper  fiber  b\mdle  for  a  particular  use. 

-This  question  is  examined  in  detail  in  Paragraph  3. 1  which  is  accompanied 
by  photographic  documentation  intended  to  illustrate  optical  effectiveness  as 
a  function  of  the  bundle  parameters. 

1.2.3  Scope  of  Study 

The  scope  of  this  study  is  logically  divided  into  three  categories,  reported  on 
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separately  in  Sectiona  2,  3  and  4. 

Section  2  deals  with  the  basic  opticali  mechanical  and  thermal  properties  of 
the  individual  fibers  themselves,  without  regard  for  the  group  properties  which 
fibers  assume  in  a  co-operative  configuration.  This  section  reports  the  results 
of  tests  conducted  on  individual  fibers,  there  being  no  reference  to  image  pro¬ 
perties,  protective  Jackets  and  so  forth. 

Section  3  treats  the  group  aspects  of  fiber  behavior  and  reports  the  results 
of  tests  on  actual  fiber  bundles,  both  coherent  and  incoherent  and  in  various 
jacketings.  This  section  again  considers  optical,  mechanical  and  thermal 
properties,  although  these  have  a  different  meaning  from  that  associated  with 
an  individual  fiber.  The  Section  3  stiidy  is  conesrned  with  the  basic  fiber 
bundle,  in  a  suitable  protective  Jacket,  and  is  limited  to  a  consideration  of 
what  occurs  within  the  bundle  itself,  between  end  faces. 

By  contrast  with  studies  of  the  basic  fiber  and  the  basic  fiber  bundle.  Section  4 
considers  the  properties  of  various  fiber  bundle  systems  which  arise  when  one 
adds  to  the  fiber  bundle  such  appurtenances  as  terminal  optics,  radiation 
detectors,  image  tubes,  mechanical  couplings  and  others. 

In  Sections  3  and  4  it  was  the  purpose  of  the  studies  to  examine  the  capabilities 
and  limitations  of  fiber  bundles  in  view  of  typical  operating  and  environmental 
problems  anticipated  in  various  aerospace  vehicle  applications.  The  matter  of 
optical  image  quality  which  can  be  transmitted  by  a  particular  fiber  bundle  con¬ 
figuration  has  received  especially  detailed  attention,  the  results  being  illustrated 
in  a  series  of  photographs  which  should  enable  the  reader  to  gain  a  subjective 
impression  of  such  matters. 

Section  5  describes  the  design  and  construction  of  a  particular  breadboard 
system  configuration,  selected  to  illustrate  many  of  the  findings  resulting 
from  this  study;  the  design  incorporates  and  integrates  many  features  which 
are,  we  believe,  appropriate  to  the  needs  of  typical  aerospace  hasard  identifi¬ 
cation  problems. 
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PROPERTIES  OF  INDIVIDUAL  FIBERS 

A  knowledge  of  the  phyaical  properties  of  individual  fibers  is  necessary  to  an 
understanding  of  fiber  bundles.  Much  can  be  said  about  the  properties  of  a 
single  fiber  before  one  goes  on  to  discuss  the  properties  which  these  fibers 
assume  collectively.  The  single-fiber  properties  most  interesting  to  this  dis¬ 
cussion  are  the  optical,  mechanical,  and  thermal  properties;  these  will  be  dis¬ 
cussed  separately  in  the  following  paragraphs. 

2. 1  Optical  Properties 

The  optical  properties  of  the  single  fiber  are  important  to  the  ultimate  question 
of  image  transmi.^sion  in  the  fiber  bundle,  which  in  turn  is  the  most  critical  issue 
involved  in  a  determination  of  the  suitability  of  fiber  bundles  for  use  in  aircraft 
hazard  detection. 

2.1.1  Transmittance 

Light  is  conducted  through  a  transparent  fiber  by  means  of  multiple  internal  re¬ 
flections  which  occur  at  the  interface,  provided  that  the  rays  strike  the  inter¬ 
face  within  a  certain  angle  of  it,  called  the  'Critical  angle".  The  conduction 
phenomenon  is  described  extensively  in  the  literature  (for  example,  3,  11,  17, 

26,  86,  94,  96,  97,  105,  111,  and  1 18)  and  will  not  be  elaborated  upon  here. 

In  an  ideal,  cylindrical  fiber  with  perfectly  smooth  walls,  each  reflection  occurs 
with  virtually  perfect  efficiency.  However,  as  light  travels  through  a  fiber,  a 
part  of  it  is  lost  because  of  the  imperfect  transmission  of  all  known  fiber  materi¬ 
als,  including  the  many  types  of  glass.  Although  glass  is  commonly  regarded 
as  a  highly  transparent  material  in  the  usual  forms  in  which  it  appears,  it  should 
be  remembered  in  considering  glass  fibers  many  feet  long  that  one  is  effectively 
"looking  through"  a  glass  block  many  feet  thick.  In  the  case  of  the  fiber,  as  in 
the  case  of  the  glass  block,  the  path  length  traveled  by  a  given  ray  wotild  be  the 
axial  length  times  the  secant  of  the  angle  which  the  ray  makes  with  the  axis. 

Thus,  a  ray  inclined  at  60  degrees  to  the  axis  will  have  traveled  through  twice 
as  much  glass  as  an  axial  ray. 

Assuming  perfect  wall  reflectivity  and  a  bulk  absorption  coefficient  of  a  for  the 
fiber  material,  it  can  be  shown  (3)  that  the  transmittance,  T,  of  a  fiber  of 
length  L  is  given  by  the  equation  log^T  =  -aLsec6  for  a  ray  making  an  angle  of 
6  with  the  fiber  axis. 

The  bulk  absorption  of  glass  is  responsible  for  only  a  part  of  the  light  loss  oc¬ 
curring  in  an  actual  fiber.  A  major  source  of  loss  is  the  fact  that  actual  glass 
fibers,  as  they  are  made  today,  do  not  have  perfectly  reflecting  walls  or  inter¬ 
faces.  This  is  due  to  various  influences,  particularly  to  the  lack  of  perfect 
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■  moothness  in  the  walls.  Thus,  an  individual  light  ray  which  is  initially  con¬ 
tained  within  the  critical  angle  may,  upon  striking  a  surface  irregularity,  be 
outside  the  critical  angle  at  the  point  of  incidence  and  will  thus  escape  through 
the  fiber  wall. 

Hopkins  and  Kapany  (3)  point  out  that  in  a  "one  mil"  (0.  001"  diameter)  glass 
fiber  of  refractive  index  1.50,  a  ray  inclined  at  10*  to  the  axis  will  undergo 
116  reflections  per  inch.  Only  one  of  these  reflections  need  be  incomplete  in 
order  for  some  of  the  light  from  a  ray  to  be  irrevocably  lost. 

Surface  irregularities,  surface  contaminants,  and  absorption  within  the  surrounding 
material  (which  is  important  in  the  case  of  clad  fibers)  all  combine  to  modify  the 
efficiency  of  the  reflection  process.  Extrapolations  from  experimental  measure¬ 
ments,  according  to  Potter  (41,  42),  show  an  equivalent  or  average  interfacial 
reflectivity  of  only  99.  93%  for  certain  clad  fibers.  Assuming  the  conditions 
stated  in  the  previous  paragraph,  it  is  apparent  that  a  10*  ray  would  traverse 
a  one-inch  length  of  fiber  with  a  reflection  efficiency  of  only  (0.  9993)^^“  or 
85%,  without  absorption  losses  being  taken  into  account. 

In  addition  to  bulk  absorption  losses  and  imperfect  interfacial  reflectance, 
modern  fibers  suffer  from  a  third  defect  which  impairs  transmission,  notably 
the  presence  of  solid  impurities,  refractive  index  variations,  and  minute  air 
bubbles  which  partly  absorb  or  scatter  the  light  striking  them.  These  inclu¬ 
sions  are  random  phenomena  and  occur,  on  the  average,  only  among  a  small 
percentage  of  fibers  for  every  few  feet  of  length. 

If  one  end  of  a  bare  fiber  bundle  is  brightly  illuminated  in  a  darkened  laboratory 
and  the  bundle  is  examined  visually  along  its  length,  the  bundle  should  appear 
perfectly  dark  if  all  of  the  light  is  proceeding  from  the  lighted  end  to  the  other 
end  (except  for  bulk  absorption).  What  is  generally  seen,  however,  are  spots 
and  patches  of  light  emanating  from  various  points  and  sections  along  certain 
fibers.  The  escaping  light  indicates  fiber  defects,  including  impurities  and 
surface  irregularities.  The  net  effect  is  the  appearance  of  "grey"  fibers  as 
one  examines  the  end  face  of  a  uniformly  illuminated  fiber  bundle. 

Such  fibers  are  noticeable  in  the  photographs  of  Figure  1.  They  are  especially 
apparent  when  a  bundle  end  is  illuminated  uniformly  but  are  ordinarily  sub¬ 
merged  by  high  contrast  image  detail.  The  middle  photograph  of  Figure  la  is  a 
view  of  a  coarse  but  high  contrast  image  transmitted  by  a  short,  partly  ori¬ 
ented  fiber  bundle.  If  the  reader  views  this  photograph  from  a  distance,  he 
may  barely  discern  a  broadside  view  of  a  brightly  illuminated  jet  engine.  In 
this  example,  the  grey  fibers  are  not  obtrusive.  Nonetheless,  they  can  detract 
from  the  efficacy  of  the  fiber  bundle,  and  are  a  specific  technical  area  in  which 
improvements  could  be  made  through  subsequent  research  and  development. 

Single  fiber  transmission  measurements  are  difficult  to  make  or  to  interpret. 

The  measurement  results  vary,  depending  upon  the  geometry  of  the  illumina- 
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tion,  whether  the  fiber  is  straight  or  curved,  etc.  ,  and  each  result  has  a  dif¬ 
ferent  meaning.  A  few  such  measurements  have  been  performed  by  Potter 
(41,  42)  and  have  yielded  transmittance  values  of  the  order  of  70%  for  typical 
fibers  in  lengths  of  about  one  foot.  The  reader  is  referred  to  the  above  ref¬ 
erences  and  to  Paragraph  2.  1. 6  for  a  detailed  account  of  these  and  other 
measurements  and  their  interpretations. 

The  light  losses  which  occur  within  glass  fibers  are  not  the  same  for  light  of 
all  wavelengths.  In  particular,  the  bulk  absorption  of  glass  in  the  visible 
spectrum  is  greatest  in  the  violet,  blue,  and  red  regions.  The  result  is  that 
present  day  fibers  transmit  most  efficiently  in  the  yellow-green  region,  an 
important  factor  when  one  considers  the  effects  of  chromatic  distortion  u|>on 
the  recognition  of  images  whose  original  color  is  important.  For  example,  it 
is  highly  possible  to  recognise  the  scrambled  fiber  bundle  image  of  a  yellow 
diffusion  flame  against  a  steady  background  of  almost  any  color,  provided  that 
the  distinctive  flame  color  is  preserved.  The  flame  image  is  characterized  as 
an  array  of  flickering  yellow  spots  which,  although  scrambled,  strongly  suggest 
the  presence  of  a  flame.  If  the  greenish  tinge  of  a  long  fiber  bundle  is  super¬ 
imposed  upon  the  flame  color,  the  scrambled  image  loses  one  of  its  identifying 
characteristics,  and  the  observer's  recognition  of  the  flame  is  less  positive. 

Color  distortion  and  means  of  compensating  for  it  are  discussed  more  fully  in 
Paragraph  3.  1.6  dealing  with  fiber  bundles.  For  the  present,  we  shall  merely 
indicate  that  the  color  distortion  and  light  losses  now  occurring  in  a  typical 
single  fiber  would  greatly  limit  the  effectiveness  of  fiber  bundles  in  most 
hazard  detection  applications  where  lengths  greater  than  75  to  100  feet  are 
concerned. 

2.1.2  End  Surface  Losses 

A  small  amount  of  light  incident  upon  the  end  face  of  a  glass  fiber  is  reflected 
and  does  not  enter  the  fiber.  This  effect,  known  as  a  "Fresnel  reflection", 
occurs  at  all  abrupt  interfaces  between  transparent  media  of  unequal  refractive 
indexes  and  is  responsible  for  the  luster  of  everyday  transparent  objects. 

The  Fresnel  losses  account  for  only  a  small  proportion  of  the  light  lost  in 
fibers  whose  lengths  are  greater  than  several  feet  but  are  important  in  shorter 
fibers  and  at  fiber  bundle  couplings  (to  be  considered  in  Paragraph  4.  4).  The 
magnitude  of  the  loss  increases  with  the  steepness  of  the  angle  which  the  enter¬ 
ing  ray  makes  with  the  perpendicvilar  to  the  surface;  it  is  also  greater  between 
media  of  more  widely  different  refractive  indexes.  For  a  ray  in  air  entering 
a  medium  of  index  N  at  right  angles  to  its  surface  ("normal"  incidence),  the 
Fresnel  reflectance  is  equal  to  (N  -  1)"/(N  +  1)*.  For  a  typical  glass  fiber  of 
index  1.62,  this  would  amount  to  5.6%.  The  same  relative  loss  occurs  as  an 
axial  ray  leaves  the  far  end  of  a  fiber.  Moreover,  considering  that  most  of  the 
useful  light  entering  a  fiber  does  so  at  other  than  normal  incidence,  the  average 
Fresjiel  loss  over  a  given  acceptance  cone  would  be  appreciably  greater. 
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2,1.3  Cladding  Losses 


Almost  all  optical  fibers  now  manufactured  consist  of  a  light- conducting  glass 
core  surrounded  by  a  thin  layer  of  glass  with  a  lower  refractive  index.  This 
layer,  known  as  the  cladding,  serves  as  optical  insulation  and  preserves  the 
surface  finish  of  the  core,  keeping  it  out  of  optical  contact  with  other  core 
surfaces  so  as  to  minimize  light  leakage. 

In  order  to  provide  effective  optical  insulation,  the  cladding  must  have  no  less 
than  a  certain  minimum  thickness.  This  is  of  the  order  of  a  few  wavelengths 
of  light  and  amounts  to  a  very  small  fraction  of  a  thousandth  of  an  inch.  For 
fibers  whose  diameters  are  greater  than  a  few  mils,  the  cladding  cross  section 
can  be  made  small  enough  to  occupy  almost  a  negligible  proportion  of  the  end 
face  area,  although  it  becomes  relatively  important  in  the  case  of  half  mil 
fibers  or  smaller. 

In  fibers  of  ordinary  lengths,  the  cladding  is  totally  ineffective  as  a  conductor 
of  light  from  end  to  end.  Of  the  light  incident  upon  a  clad  fiber,  that  part 
which  enters  the  cladding  is  free  to  escape  into  any  surface  which  touches  it. 

The  cladding  cross  section  must  therefore  be  regarded  as  exacting  a  toll  from 
the  incident  light. 

The  fiber  diameters  of  concern  to  this  study  are  in  the  two  ‘o  three  mil  range. 
Fibers  smaller  than  this  are  difficult  to  manufacture  effectively,  and  in  smaller 
diameters  they  become  poor  conductors  of  light.  Fibers  larger  than  about  three 
mils  were  found  to  be  less  able  to  withstand  vibration  and  bending  tests  as  ap¬ 
propriate  to  aircraft  installation  and  operation.  Fortunately,  the  cladding 
losses  in  fibers  of  two  to  three  mil  diameters  would  be  trivial  by  comparison 
with  the  other  losses.  For  long  fiber  bundles,  as  might  be  used  in  aircraft, 
fibers  with  a  minimum  of  necessary  cladding  thickness  should  be  specified. 
Fibers  now  being  made  for  short-length  applications  are  frequently  provided 
with  a  cladding  thickness  equal  to  about  one-tenth  the  core  diameter.  This  is 
done  for  convenience  of  manufacture  and,  in  the  case  of  two  or  three  mil  fibers, 
provides  an  unnecessarily  large  proportion  of  cladding  area  in  the  bundle  cross- 
section.  The  resulting  light  loss  is  not  important  in  short  bundles  but  would  be 
of  concern  in  aerospace  applications  where  the  highest  p>ossible  area-utilization 
were  desirable. 

There  is  one  instance  in  which  cladding  losses  are  of  concern  to  this  etudy.  and 
that  is  in  the  case  of  the  multifiber,  to  be  described  in  Paragraph  2.  1.  5.  Fig¬ 
ure  Ic  shows  a  photomicrograph  of  several  "six  by  six"  multifiber  arrays,  each 
about  two  mils  square  and  containing  36  separate  optical  channels.  Each  chan¬ 
nel  is  so  narrow  that  a  relatively  thick  cladding  must  be  provided.  The  cladding 
appears  as  grey  areas  between  channels  and  would  undoubtedly  appear  much 
darker  if  greater  fiber  lengths  were  used.  It  is  clear  in  this  case  that,  of  the 
image-bearing  light  striking  the  end  face,  the  proportion  lost  in  the  cladding 
would  be  substantial. 
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2.1.4  Numerical  Aperture 

The  solid  angle  over  which  an  optical  fiber  accepts  light  entering  the  end  face 
is  limited.  Light  rays  entering  from  outside  this  "acceptance  angle"  gradually 
escape  the  fiber  walls  upon  subsequent  reflections. 

The  angular  diameter  of  the  acceptance  cone  is  related  to  the  critical  angle  for 
total  reflection  within  the  fiber,  and  this  in  turn  depends  upon  the  ratio  of  the 
refractive  indexes  on  both  sides  of  the  boundary.  Quantitatively,  the  acceptance 
angle  is  conveniently  described  in  terms  of  "numerical  aperture",  (76)  a  di¬ 
mensionless  quantity  used  in  lens  optics  to  describe  light-gathering  power.  If 
Ni  is  defined  as  the  refractive  index  of  the  core  material  and  Ng  refers  to  the 
cladding  (or  other  surrounding  medium  in  the  case  of  an  unclad  fiber),  then  the 
numerical  aperture,  or  N.A. ,  can  be  shown  to  be  equal  to  (Ni’  -  Ng’)*. 

For  the  photographically- inclined  reader,  the  familiar  'f-number"  of  a  camera 
lens  is  1/(2N.A.  ),  where  a  small  f- number  or  high  N.A.  indicates  a  large  light¬ 
gathering  power.  The  N.A.  is  also  equal  to  the  sine  of  the  half-angle  of  the 
acceptance  cone  in  air.  Thus,  for  a  square-ended  fiber  in  air,  the  maximum 
numerical  value  of  N.A. having  physical  meaning  is  unity,  corresponding  to 
f/0.  5,  meaning  that  a  light  ray  entering  the  fiber  end  at  any  angle  will  be  re¬ 
tained  by  the  fiber. 

The  N.A.  of  a  clean,  imclad  fiber  in  air  (Na  =  1)  is  larger  than  that  of  any  clad 
fiber.  For  example,  with  Ni  =  1.62,  then  all  rays  entering  the  fiber  end  will 
be  retained. 

With  a  typical  cladding  glass  of  Ng  =  1.  62,  the  N.A.  is  reduced  to  0.  565,  cor¬ 
responding  to  about  f/0.  9t  or  an  included  acceptance  angle  of  69* 

In  considering  the  total  amoimt  of  light  transmitted  by  a  fiber,  one  must  ordi¬ 
narily  take  into  account  the  angle  over  which  the  fiber  accepts  light  from  a 
source.  A  fiber  with  twice  the  N.A.  of  another  fiber  will  accept  light  over  a 
solid  angle  four  times  as  great  and  therefore,  in  principle,  will  conduct  four 
times  the  total  light  energy.  This  statement  applies  with  certain  reservations, 
notably; 

(1)  The  source  illuminating  the  fiber  must  be  "Lambertian"; 
that  is,  its  emitted  light  must  fill  a  hemis {Clerical  angle 
and  the  light  intensity  must  be  proportional  to  the  cosine 
of  the  angle  from  the  normal.  It  will  thus  look  equally 
bright  from  all  directions. 

(2)  The  increasing  Fresnel  losses  for  rays  entering  the  fiber 
at  steeper  angles  must  be  ignored. 

(3)  The  increased  transmission  losses  for  steeper  rays  must 
be  ignored. 
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(4)  It  must  be  noted  that  a  fiber  which  conducts  more  total 
light  than  another  will  not  necessarily  appear  brighter 
at  the  exit  end;  rather,  the  light  is  merely  visible  over 
a  broader  viewing  angle. 

The  first  and  last  statements,  together  with  certain  considerations  pertinent 
to  the  hazard  detection  problem,  serve  to  de-emphasize  the  need  for  high 
numerical  apertures  in  the  fibers  of  interest  to  us  in  this  study.  The  reasons 
are  twofold,  depending  upon  the  fact  that  the  use  of  both  objective  lenses  and 
magnifying  eyepieces  is  anticipated  in  aerospace  applications  of  fiber  bundles. 
The  explanation  is  given  in  the  following  paragraphs. 

It  must  first  be  understood  that,  in  principle,  assuming  a  straight  cylindrical 
fiber  with  flat  end  faces,  a  ray  entering  an  end  face  at  a  given  angle  to  the  axis 
will  emerge  from  the  other  end  face  at  the  same  angle.  From  this  principle, 
one  can  deduce  the  fact  that  the  acceptance  and  emittance  angles  at  the  end 
faces  should  be  equal.  In  practice,  this  is  not  strictly  true,  for  inhomogen¬ 
eities  and  bends  in  a  fiber  introduce  a  certain  amount  of  distortion  in  the  geo¬ 
metry  of  the  rays  traversing  the  fiber.  The  result  is  that  axial  rays  entering 
the  fiber  may  emerge  at  steep  angles,  and  conversely;  in  general,  the  effect  is 
that  the  entrant  cone  of  light  becomes  somewhat  enlarged  and  diffused  upon 
leaving  the  fiber. 

It  is  apparent  that  the  emergent  cone  need  be  no  larger  than  necessary  to  fill 
the  magnifying  eyepiece.  A  typical  eyepiece  may  have  a  lens  "speed"  of  from 
f/1  to  f/1.  5,  corresponding  to  numerical  apertures  of  0.  50  to  0.  33.  Any 
emergent  light  falling  outside  the  eyepiece  area  is  wasted.  The  incident  cone 
therefore  need  not  have  an  N.  A.  greater  than  about  0.  33;  that  is,  the  objective 
lens  need  be  no  "faster"  than  about  f/1.  5  if  an  f/1. 5  eyepiece  is  used.  A  miti¬ 
gating  circumstance  is  that  the  incident  cone  does  become  distorted  as  it 
traverses  the  fiber;  one  can  therefore  profit  by  using  an  objective  lens  of  some¬ 
what  higher  N.  A.  than  the  eyepiece  in  order  that  the  latter  be  completely  filled 
with  light  at  all  viewing  angles.  This  subject  is  discussed  further  in  Paragraph 
3.  1. 9  which  considers  the  effects  of  objective  N.  A.  upon  the  visibility  of  the 
image  at  the  viewing  end  of  a  fiber  bundle. 

2.1.5  Multifibers 

A  recent  development  in  the  fiber  optics  art  is  the  multifiber  which,  mechani¬ 
cally,  is  a  single  strand  of  glass  but  which  contains  many  optically  insulated 
light  channels.  A  typical  multifiber  end  face,  shown  in  Figure  Ic,  is  comprised 
of  a  "6  X  6"  array  of  optical  channels,  although  other  arrays  are  easily  pro¬ 
duced.  In  the  photogra|di,  the  bright  areas  correspond  to  the  core  glass  in  a 
typical  single  fiber,  ediereas  the  dark  areas  represent  the  cladding. 

The  advantage  of  the  multifiber  is  that  it  provides  many  image  points,  or  high 
resolution  (see  3. 1.  3),  while  retaining  a  physical  sise  (such  as  2  or  3  mils  on 
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a  aide)  which  can  be  readily  handled  without  breakage  during  manufacturing. 
Another  advantage  is  that  the  process  of  making  multifibers  lends  itself  readily 
to  the  production  of  square  or  rectangular  fibers  which  utilise  the  end  face  area 
of  a  fiber  bundle  more  efficiently  than  do  round  single  fibers.  Aside  from  af¬ 
fording  more  image  points  per  cross  section,  multifibers  manifest  similar 
optical  properties  and  essentially  the  same  mechanical,  and  thermal  properties 
as  individual  glass  fibers  with  the  same  core  and  cladding.  Multifibers  have 
therefore  not  received  special  attention  during  the  course  of  this  effort;  only 
casual  mention  will  be  made  of  them  throughout  the  remainder  of  the  report. 

2.1,6  Measurement  Results  and  Discussion 

As  noted  in  Paragraph  2. 1. 1,  transmission  measurements  on  a  single  fiber 
have  a  valid  meaning  only  with  regard  to  the  specific  set  of  measurement  condi¬ 
tions  under  which  the  data  were  obtained.  For  example,  the  transmittance  of 
an  individual  fiber  might  arbitrarily  be  expressed  as  the  ratio  of  the  amount  of 
light  emerging  from  one  end  to  the  amount  incident  upon  the  other.  However, 
in  the  case  of  a  diffuse  illumination  source,  all  of  the  light  incident  upon  the 
fiber  end  might  not  be  accepted  by  the  fiber  because  of  numerical  aperture 
limitations.  Therefore,  one  might  arbitrarily  use  as  a  criterion  for  transmit¬ 
tance  the  amount  of  light  accepted  by  (rather  than  incident  upon)  a  fiber  end 
face.  Moreover,  even  within  the  acceptance  angle,  it  is  possible  to  illuminate 
a  fiber  in  a  number  of  different  ways  for  transmission  measurements,  from  the 
case  of  a  highly  convergent  beam  contained  within  the  acceptance  angle  to  the 
case  of  a  collimated  beam  containing  only  rays  parallel  to  the  fiber  axis.  With 
each  of  these  modes  of  illumination  the  measured  transmittance  will  be  different, 
for  the  higher-angle  light  is  transmitted  over  a  longer  optical  path  and  with  many 
more  reflections  than  is  the  axial  light.  Moreover,  the  observed  transmittance 
value  is  further  influenced  by  whether  the  test  fiber  is  straight  or  curved;  in  the 
latter  case,  incident  collimated  rays  become  decollimated  and  affect  the  meas¬ 
ured  values. 

Of  the  variety  of  possible  illumination  conditions,  a  specially-apertured  diffuse 
source  was  selected  as  the  light  source  for  a  series  of  measurements  under  this 
study.  The  source  was  arranged  so  that  the  steepest  rays  incident  upon  the 
fiber  were  within  the  acceptance  angle.  Such  a  source  was  considered  to  be 
fairly  inclusive  of  the  conditions  under  which  a  fiber  might  be  illuminated  by  an 
objective  lens  in  an  aircraft  installation. 

At  the  exit  face  of  the  fiber,  the  emergent  light  was  collected  on  a  photographic 
film,  by  contrast  with  Potter's  method  of  using  an  integrating  sphere  (41). 
Through  densitometric  measurements  and  calculations,  the  photographic  record 
lends  itself  to  integration  of  the  total  transmitted  energy,  as  does  the  integrat¬ 
ing  sphere,  but  in  addition  it  provides  a  record  of  the  angiilar  distribution  of 
the  light  as  it  emerges  from  the  fiber. 

After  tests  on  many  different  samples,  it  became  apparent  that  glass  fibers  as 
currently  manufactured  show  appreciable  differences  in  the  output  pattern  and 


15 


integrated  transmittance,  and  that  no  randomly  selected  fiber  could  be  regarded 
as  typical  of  a  given  batch.  The  reasons  are  apparently  due  to  the  localized 
defects  mentioned  in  Paragraph  2.  1. 1. 

It  then  appeared  reasonable  to  study  the  bulk  spectral  transmittance  properties 
of  the  glass  itself,  using  techniques  which  would  yield  comparative  transmittance 
values  between  various  types  of  glass  and  which  would  not  be  subject  to  the  im¬ 
perfections  inherent  in  currently  manufactured  fibers.  Of  the  many  different 
glass  formulations  available  commercially,  a  selection  was  made  from  among 
several  which  have  been  used  for  optical  fiber  manufacture  as  well  as  from 
those  which  have  not.  (It  should  be  noted  that  the  glass  types  now  used  in  com¬ 
mercial  fibers  are  selected  on  the  basis  of  other  properties  besides  transmit¬ 
tance,  particularly  melting  point,  thermal  expansion  coefficient,  availability, 
and  so  forth.  We  wish  to  stress  the  fact  that  most  present  commerical  fibers 
are  made  in  lengths  less  than  a  few  feet,  for  specific  purposes,  and  that  high 
transmittance  in  great  lengths  was  apparently  not  an  objective  until  the  aircraft 
hazard  detection  problem  arose.) 

For  the  purpose  of  these  measurements,  glass  blocks  of  various  types  were 
obtained  in  four-inch  lengths,  the  length-limiting  factor  being  due  to  the  physical 
capacity  of  the  spectrophotometric  instruments  used  for  the  measurements.  As 
will  be  noted  shortly,  the  test  res\ilts  indicated  that  for  purposes  of  very  long 
fiber  bundles,  where  glass  transmittance  is  a  compelling  factor,  the  possible 
use  of  several  commercial  glasses  which  have  not  been  used  for  fibers  should 
be  investigated  further.  The  test  results  also  indicated  that  different  melts,  or 
batches,  of  supposedly  the  same  glass  yielded  slight  short-length  bulk  trans¬ 
mittance  differences  which,  when  extrapolated  to  greater  lengths,  became 
appreciable  (compare  Figures  3,  4,  and  S);  further  work  is  thus  indicated  on 
the  quality  control  of  currently  manufactured  optical  glass. 

In  order  to  appreciate  the  significance  of  the  test  results,  the  reader  should  be 
aware  of  one  phenomenon  in  particular.  If  we  consider  two  four- inch  lengths  of 
glass  which  transmit,  respectively,  99%  and  97%,  the  difference  does  not  appear 
appreciable.  However,  in  extrapolating  these  transmittance  values  to  twenty- 
five  foot  (300  inch)  lengths,  by  raising  the  four-inch  transmittance  values  to  the 
75th  power,  one  finds  the  respective  values  to  be  47%  and  10%.  Further,  a  four- 
inch  block  transmitting  90%  would  transmit  only  0.  04%  in  a  25-foot  length.  Thus, 
slight  differences  in  the  measured  values  for  four-inch  blocks  become  highly  ac¬ 
centuated  when  extrapolated  to  25-foot  lengths.  Figure  2  shows  manufacturer's 
data  on  two  types  of  Schott  glass  in  four -inch  lengths.  If  extrapolated  to,  say, 
25-foot  lengths,  the  transmittances  of  these  glasses  would  differ  greatly. 

Several  of  the  glasses  which  have  been  used  as  core  glasses  in  fiber-optic 
systems  have  been  manufactured  in  accordance  with  specifications  developed  in 
recent  years  for  glass  shields  for  gamma  ray  protection.  This  radiation  pro¬ 
tection  application  is  similar  to  the  fiber  optics  application  in  the  requirement 
for  high  transmittance  in  glasses  which  also  have  high  refractive  index.  The 
curves  shown  in  Figure  2,  from  Schott  Glass  Company,  are  for  their  standard 
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SF  6  glass  and  their  special  SF  6/FA  Strahlenschutzglaser  and  show  the  im¬ 
provement  in  clarity  that  has  been  made  for  the  radiation  shielding  glass.  The  low 
residual  color  of  these  glasses  makes  a  very  great  improvement  in  the  trans¬ 
mittance  of  long  light  pipes  or  fiberscopes  in  comparison  with  standard  glasses. 
There  probably  is  no  other  application  of  optical  glass  so  demanding  of  highest 
clarity  as  the  long  fiberscope  or  light  pipe. 

The  sample  blocks  used  in  the  bulk  transmittance  measurements  for  this  study 
were  1"  x  1"  x  4"  in  size,  the  measurements  being  made  through  the  four-inch 
dimension,  with  the  side  walls  being  painted  black.  Absolute  spectrophotometric 
data  were  obtained  in  the  400  to  1000  millimicron  range  through  use  of  a  General 
Electric  Recording  Spectrophotometer,  and  relative  values  in  the  600  to  1800 
millimicron  range  were  yielded  by  a  Model  14  Cary  Recording  Spectrophotom¬ 
eter,  the  latter  curves  being  matched  to  the  former  to  yield  absolute  values. 

The  observed  values  were  corrected  for  reflectance  losses  at  the  end  faces  and 
were  extrapolated  by  machine  computation  to  six-foot  and  fifty-foot  lengths,  the 
results  being  plotted  in  Figures  3  through  8.  The  vertical  axes  represent  line 
transmittance,  indicating  that  this  is  the  bulk  transmittance  of  the  glass  itself 
and  does  not  take  into  account  end  losses,  including  the  packing  losses  which 
would  occur  if  these  measurements  had  been  made  on  actual  fiber  bundles. 

A  particularly  interesting  result  will  be  observed  in  Figure  6,  in  which  the  in¬ 
tegrated  spectral  transmittance  of  Schott  SF  4/FA  glass,  extrapolated  to  50- 
foot  lengths,  is  appreciably  greater  than  that  of  the  other  glasses  tested.  The 
difference  is  not  as  noticeable  in  the  visible  spectral  region,  from  400  to  700 
millimicrons,  but  it  is  appreciable  in  the  700  to  1300  millimicron  region  where 
infrared  flame  detectors  and  image  converters  might  be  used  in  conjunction 
with  fiber  bundles  (see  Paragraphs  4.2  and  4.6).  This  glass  has  not  heretofore 
been  studied  for  possible  use  in  fibers. 

It  is  stressed  that  the  data  presented  in  these  figures  arise  from  measurements 
on  solid  glass  blocks  and  cannot  be  extrapolated  to  fiber  transmittance  values 
unless  the  properties  of  the  cladding  material  are  taken  into  account.  The  nature 
of  the  total  internal  reflection  phenomenon  is  such  that  even  the  rays  which  are 
retained  by  the  core  do  penetrate  very  slightly  into  the  cladding  upon  each  re¬ 
flection;  consequently,  any  absorptivity  in  the  cladding  will  attenuate  a  ray  pro¬ 
gressively  each  time  it  is  reflected  at  the  interface. 

The  influence  of  absorption  by  t'-ie  cladding  glass  on  the  spectral  transmission 
of  a  fiber  optic  system  is  not  as  limiting  as  that  of  the  core  glass.  However, 
the  cladding  transmittance  influence  is  not  negligible.  We  have  inferred  the 
effect  of  the  cladding  glass  transmission  properties  from  the  difference  in  the 
transmittance  of  the  core  glass  alone  and  the  transmittance  of  actual  fiberscopes 
of  the  same  length.  At  the  present  time  the  selection  of  glass  type  for  cladding 
optical  fibers  is  generally  limited  to  commercially  available  glass  tubing.  The 
glass  used  for  this  tubing  is  noticeably  green  in  color  even  in  lengths  of  a  few 
inches  and  appears  black  in  lengths  such  as  used  for  fiber  optic  systems.  The 
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effect  of  this  absorption  appears  as  a  distortion  of  the  spectral  transmittance  of 
the  fiber  bundle  in  comparison  with  the  core  glass  spectral  transmittance.  This 
distortion  is  particularly  noticeable  as  a  relative  lowering  of  transmission  in 
the  far  red  and  near  infrared  regions.  This  is  the  best  region  for  transmission 
of  some  of  the  specially  selected  core  glasses  but  in  fiber  bundles  this  region 
becomes  less  highly  transmitting  than  in  the  visible  region  (500  -  600  mii). 

There  are  two  "windows"  in  long  lengths  of  core  glass: 

(1)  The  visible  region  from  500  to  600  mu,  and 

(2)  The  far  red  and  near  infrared  region  from  700  to  1000  m^i. 

The  second  "window"  actually  extends  to  1350  mM  with  a  decreasing  transmit¬ 
tance  in  the  case  of  some  core  glasses  but  this  region  is  most  highly  transmit¬ 
ting  in  the  700  to  1000  mti  region.  Although  this  second  "window"  is  of  little 
use  for  visual  observation,  it  lies  in  a  wavelength  region  where  physical  de¬ 
tectors  such  as  S-1  response  phototubes,  image  converters,  and  near -infrared- 
sensitive  photodetectors  are  highly  sensitive.  (The  application  of  these  devices 
to  fiber  optic  haxard  detection  systems  is  discussed  in  Section  4.  ) 

There  is  a  commercially  available  tubing  (KG-12  glass)  with  about  one-fourth 
the  absorption  of  the  standard  tubing  (R-6  glass).  The  KG- 12  glass  has  a 
higher  refractive  index  (1.56  compared  with  1.  52  for  R-6)  so  that  with  the  same 
core  glass,  the  acceptance  angle  of  the  fiber  optic  component  will  be  reduced. 
However,  a  combination  of  a  1. 7552  index  core  glass  (SF4/FA)  or  a  1.  7174 
core  glass  (SFl/FA)  and  the  1.56  cladding  glass  would  have  both  a  higher  trans¬ 
mittance  in  the  near  infrared  and  a  higher  numerical  aperture  than  the  standard 
combination  of  1.62  index  core  with  1.  52  index  cladding.  These  combinations 
would  have  a  more  yellowish  tinge  due  to  the  short  wavelength  absorption  limit 
extending  further  into  the  visible  region  but  would  have  superior  transmission 
properties  in  all  other  spect*‘al  regions. 

There  are  also  factors  other  than  the  higher  cladding  glass  transmittance  which 
would  yield  higher  transmittance  by  this  combination.  With  a  higher  refractive 
index  difference  between  core  and  cladding,  there  would  be  less  penetration  of 
the  light  into  the  cladding  glass  upon  internal  reflection  so  that  the  absorption 
at  each  reflection  would  be  less.  Moreover,  with  a  higher  index  core  glass  the 
angle  of  light  to  the  axis  is  less  for  a  given  input  angle  so  that  there  would  be 
fewer  reflections  than  in  a  lower  index  core  under  the  same  conditions.  The 
use  of  "color  free"  glass  for  the  cladding  would  require  the  provision  of  special 
facilities  for  producing  small  amounts  of  glass  tubing  from  optical  grade  glass 
rather  than  from  the  large  installations  for  commercial  glass  tubing.  For  high¬ 
est  fiber  transmission  and  bast  mechanical  properties,  this  special  production 
facility  would  be  required  as  well  as  great  care  in  the  production  of  high  clarity 
glass  for  use  as  the  core  material. 
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Another  factor  of  interest  is  the  radiation  pattern  of  a  typical  fiber,  that  is, 
the  angular  distribution  of  the  emitted  light  under  a  given  set  of  light-input  con¬ 
ditions.  Two  radiation  patterns  for  a  particular  type  of  fiber  are  shown  as  Fig¬ 
ures  9  and  10,  the  difference  between  them  being  the  matter  of  cone  width  of 
the  entrance  illumination.  The  fibers  used  in  this  measurement  consisted  of  a 
Schott  SF  4  core  (n  =  1.  75$)  and  a  Mmble  R-6  cladding  (n  s  1. 520),  in  six-foot 
lengths.  This  refractive  index  ratio  provides  a  numerical  aperture  of  0.  86, 
corresponding  to  an  acceptance  half-angle  of  46*  .  The  input  light  source  was 
so  apertured  as  to  provide  illuminating  cones  with  half-angles  of  8^*  and  37* 
respectively,  both  being  within  the  acceptance  angle  of  the  fibers.  Figure  10 
shows  a  more  severe  loss  of  rays  at  the  edges  of  the  input  cone  than  does  Fig¬ 
ure  9;  this  is  attributed  to  absorption  in  the  cladding,  which  the  steeper  rays 
penetrate  more  frequently  during  interfacial  reflections. 

The  data  were  obtained  through  use  of  the  photographic  technique  described 
earlier  in  connection  with  the  transmittances  of  single  fibers.  However, 
because  of  random  fiber  defects  and  the  fact  that  no  two  fibers  are  alike,  the 
measurements  were  made  on  a  group  of  100  fibers  in  order  to  average  out  the 
variations.  The  emitted  light  was  collected  on  a  photographic  film  a  few  inches 
from  the  output  end,  and  the  degree  of  blackening  on  various  parts  of  the  proc¬ 
essed  film  constituted  the  raw  data.  The  film  density  was  measured  point  by 
point  with  an  Eastman  K>dak  Model  31A  Densitometer  and  with  a  modified  Kipp 
Recording  Densitometer.  These  measurements,  along  with  data  pertaining  to 
the  film  exposure  characteristics,  provided  the  basis  for  calculation  of  the 
intensity-vs.  -angle  properties  of  the  emitted  light. 

The  radiation  patterns  of  Figures  9  and  10  thus  constitute  a  form  of  fiber  trans¬ 
mittance  data,  showing  the  percent  of  transmitted  intensity  for  each  ray  direc¬ 
tion  through  the  fiber  on  the  basis  of  the  input  intensity  being  100%  for  each 
angle  within  the  entrance  cone.  Although  the  total  transmittance  (integrated 
over  the  exit  cone)  was  not  computed,  its  value  could  be  determined  from  the  in¬ 
formation  contained  in  the  figures.  This  would  involve  a  double  integration  in 
order  to  convert  the  intensity  information  in  the  diagrams  into  the  energy  values 
upon  which  transmittance  values  are  based. 

Fiber  radiation  patterns  are  of  interest  in  two  respects.  A  knowledge  of  the 
pattern  is  helpful  in  the  selection  or  evaluation  of  a  magnifying  eyepiece  for  use 
with  a  fiber  bundle;  for  greatest  eye  freedoi^i  during  viewing,  the  eyepiece 
diameter  should  be  large  enough  to  collect  all  of  the  emitted  light,  but  it  need 
not  be  appreciably  larger  than  this  for  no  light  will  appear  on  the  bundle  end 
face  if  it  is  viewed  at  too  steep  an  angle.  Secondly,  the  fact  that  the  exit  cone 
is  somewhat  restricted  seems  to  have  a  bearing  on  the  mottling  which  occurs 
even  with  high  quality  fiberscope  images  when,  for  some  reason,  the  exit  cones 
of  some  fibers  are  deflected  away  from  the  fiber  axes.  This  will  be  discussed 
more  fully  in  Paragraph  3. 1.  9  since  it  is  appropriate  to  fiber  bundles  rather 
than  to  single  fibers. 
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2,  2  Mechanical  Properties 

With  regard  to  a  single  fiber,  the  mechanical  properties  of  greatest  interest  to 
possible  aerospace  applications  are  tensile  strength,  shear  strength,  and  mini¬ 
mum  bend  radius.  The  following  sections  describe  tests  conducted  here  on  such 
properties  and  are  supplemented  with  further  information  from  other  sources. 

The  tests  were  made  on  typical  round  clad  fibers  supplied  by  American  Optical 
Company,  with  a  core  of  Schott  F  2  glass  (N  =  1. 62)  and  a  cladding  of  Kimble 
R-6  glass  (N  =  1.  52).  (All  refractive  indexes  are  given  in  terms  of  the  sodium 
D  line. )  Fiber  diameters  were  confined  to  the  0.  001"  to  0.010"  Tange.  Most 
of  the  tests  were  conducted  on  monofilaments,  although  some  tensile  strength 
measurements  were  made  on  multifibers. 

2.  2.  1  Tensile  Strength 

One  of  the  more  pertinent  questions  regarding  the  mechanical  properties  of 
glass  fibers  for  aircraft  use  concerns  tensile  strength.  It  is  understandable 
that  for  a  given  fiber,  there  is  a  limiting  length  beyond  which  the  fiber  could 
not  support  its  own  weight  if  suspended  vertically.  This  limitation  cotild  be 
important  in  the  case  of  a  long  fiber  bundle  running  the  length  of  an  aircraft 
which  was  in  a  steep  nose-up  attitude.  The  limitation  would  be  more  severe  in 
level  flight  under  thrust  values  greater  than  one  (These  arguments  apply  to 
cases  where  the  glass  fibers  are  affixed  to  their  container  only  at  the  ends  but 
lie  loosely  within  it  in  between. )  Nonvertical  aircraft  attitudes  would  permit  a 
gravitational  component  perpendicular  to  the  fiber  axes,  tending  to  hold  the  fibers 
together  and  to  provide  a  small  amount  of  static  friction  between  them  and  the 
container  wall.  However,  the  static  friction  between  glass  fibers  is  known  to  be 
quite  small,  unless  the  fibers  are  extremely  clean,  and  it  cannot  be  relied  upon 
to  prevent  individual  fibers  from  stretching  in  response  to  an  axial  force. 

Tensile  strength  tests  were  performed  on  individual,  round  fibers  of  nominal 
diameters  ranging  from  1  mil  to  9  mils.  Ten-inch  lengths  were  used,  with  the 
fibers  being  suspended  vertically  from  a  support  and  with  a  1000  gram  capacity 
Chatillon  scale  being  used  in  series  with  the  applied  tensile  force.  Breaking 
forces  were  observed  through  use  of  a  maximum-force  indicator  with  which  the 
scale  is  equipped. 

Several  methods  of  gripping  the  fiber  ends  were  evaluated  before  one  was 
selected  which  afforded  sufficient  gripping  force  without  fracturing  the  fiber. 

The  selected  method  was  to  sandwich  about  two  inches  of  each  end  between  two 
strips  of  electrical  tape  which  were  placed  tegstbar  face  to  face;  the  free  ends 
of  the  tape  were  then  attached  reepectively  to  a  fixed  eupport  and  to  the  scale, 
and  the  breaking  force  was  applied  manually.  Breaks  which  did  xiot  occur  in  the 
six-nnch  free  length  of  fibers  were  discounted. 

The  test  result  averages  are  given  in  Table  I. 
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Nominal 

Fiber  Diameter 

Number  of 
Fibers  Tested 

Average 
Breaking  Fores 
(pounds  weight) 

Average 
Tensile  Strength 
(P»i) 

0.001" 

20 

0.084 

88, 100 

0.002" 

30 

0.266 

73,133 

0.003" 

10 

0.474 

58,000 

0. 008" 

20 

1.55 

30.800 

0.009" 

10 

1.77 

28,800 

Table  1.  Teneile  strength  test  results  on  single  fibers. 

Among  the  fibers  in  any  group,  substantial  variations  in  breaking  force  were 
observed,  the  standard  deviation  often  amounting  to  twenty  per  cent  of  the  average 
value.  However,  the  average  values  show  a  distinct  trend  toward  increased 
breaking  forces  and.  oddly,  reduced  tensile  strengths  with  increasing  fiber 
diameters. 

The  reason  for  the  reduced  tensile  strengths  of  larger  fibers  is  not  known. 

These  values  are  much  lower  than  the  published  values  for  bulk  glass  (see 
Reference  125  and  Page  202  of  Reference  127).  Consultation  with  the  sub¬ 
contractor  has  led  to  the  speculation  that  the  slower  cooling  of  the  larger  fibers, 
immediately  after  they  are  drawn,  leads  to  steeper  thermal  gradients  and 
residual  stresses;  by  contrast,  the  more  uniform  cooling  of  the  smaller  fibers 
(throughout  their  cross  sections)  may  be  likened  to  a  more  careful  annealing 
process.  As  will  be  seen  subsequently,  there  is  also  reason  to  believe  that  the 
manner  in  which  a  newly  drawn  fiber  cools  in  air  leads  to  a  tempered  condition, 
which  is  leas  evident  in  larger  fibers. 

The  distribution  of  breaking  point  values  within  groups  of  twenty  samples  prompted 
an  inquiry  into  the  possible  effects  which  an  annealing  procedure  mif^t  have  on 
the  fibers.  To  this  end,  various  groups  of  20  fibers  in  2  mil  and  3  mil  diameters 
were  annealed  for  fifteen  minutes  at  860*F  and  tested  for  breaking  point.  It  was 
found  that  annealing  had  the  effect  of  lowering  the  tensile  strength  substantially 
for  fibers  of  both  diameters;  it  was  also  seen  to  have  little  efiect  on  leveling  the 
distribution  of  breaking  forces  and  actually  increased  it  in  the  group  of  3  mil 
fibers  tested. 

The  reduction  of  tensile  strength  after  aimealing  was  an  unexpected  result  but 
was  supported  in  Reference  125  by  the  assertion  that  "...  the  breaking  strength 
of  fibers  results  largely  from  their  surfaces  being  free  from  flaws  of  perceptible 
magnitude.  The  partial  or  complete  annealing  of  glass  fibers  will  reduce 
their  strengths  materially,  udiich  may  be  caused  by  chemical  action  at  the 
surface  or  the  spontaneous  formation  of  flaws  during  the  process  of  stabilisation. " 
The  author  confines  his  discussion  to  fibers  of  one-half  mil  diameter  or 
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le««,  which,  he  atatee.  are  unUkely  to  emerge  ftpir  .he  drawing  procest  in  a 
tempered ^dltion  bec^a^e  high  .hilhng  r^ea  ’  J  not  aUow  the  neceasary 
anaient  "sAratur^  fKs-'fibft'f  surface  and  ita 

m'uy^not  L?  '  rae  of  fiber  oiar.  eters  in  our  preaent  range 
of  inttreat  and  we  believe  it  lik'  iy  that  aome  ter.'pering  doea  occur:  conse¬ 
quently,  annealing  acta  as  to  u/.do  these  effect' ,  as  well  as  to  introduce  surface 
flaws.  We  conclude,  therefore,  that  annealir  g  can  serve  only  as  a  disruptive 
influence  where  tensile  atrergth  is  of  concern. 


The  subcontractor  has  re  cently  complete  l  a  private  study  program  witl  :.  tie 
objective  of  improving  *iic  tensile  strength  of  optical  fi1>ers.  Their  study  nas 
revealed  that  a  glass  liber  is  strongest  when  it  is  freshly  drawn;  subsequ.em 
contact  with  any  solid  surface,  such  as  t>4at  of  another  fiber,  induces  count¬ 
less,  tiny  surface  ilaws,  any  one  of  which  can  become  the  nucleus  of  a  rupture 
when  the  glass  is  stressed.  Fiber  strength  was  found  to  be  improved  by  the 
application  of  various  protective  films  to  the  surface  of  each  freshly  dra.wn 
fiber.  Tensile  strength  values  up  to  170,000  psi  were  reported  for  typical 
fibers. 


Other  tensile  strength  studies  were  concerned  with  the  effects  of  glass  drawing 
rate  and  temperature  at  the  time  the  fibers  are  formed,  and  with  the  effects  of 
the  relative  values  of  the  core  and  cladding  thermal  expansion  coefficients.  The 
studies  indicated  no  major  effects  over  the  range  through  which  the  parameters 
were  varied.  Figures  11a  and  11b  compare  the  tensile  strength  test  results  on 
two  sets  of  multifibers  made  under  different  conditions  but  which  were  otherwise 
similar.  The  drawring  temperatures  differed  by  100*F  for  the  two  sets,  writh  the 
drawing  speeds  being  adjusted  so  that  2.4  mil  square  fibers  were  yielded  in  both 
cases.  Each  fiber  comprised  a  i  x  6  array  of  optical  channels,  each  channel  writh 
a  core  of  Schott  F  2  glass,  a  cladding  of  Kimble  R-6  glass,  and  an  overcoating  of 
Kimble  KG- 12  glass  which  was  used  as  the  binder. 

Seventy-five  fibers  each,  in  five-inch  lengths,  were  subjected  to  tensile  stresses; 
the  frequency  of  breakages  occuring  at  a  given  tension  is  plotted  in  Figures  11a 
and  11b.  In  the  latter  figure,  which  pertains  to  the  fibers  drawm  at  a  lower  temp¬ 
erature,  the  "center  of  mass"  of  the  plotted  values  is  seen  to  shift  toward  the 
lower  values.  This  result  may  not  be  experimentally  significant;  the  high  degree 
of  irregularity  in  both  curves  indicates  dxat  a  statistical  sample  larger  than  75 
fibers  should  be  used  in  such  tests.  The  randomness  of  these  test  results,  and 
of  others  to  be  discussed  shortly,  support  the  view  that  presently  made  fibers  are 
highly  non-uniform  in  all  of  their  properties  and  that  further  research  is  needed 
in  this  direction. 

Figure  lie  presents  tensile  strength  test  results  on  50  monofibers  of  a  difieront 
composition.  The  basic  difisrenco  in  mechanical  properties  between  these  fibers 
and  the  multifibern  concerns  the  nature  of  the  internal  stresses.  The  relative 
thermal  expansion  coefiicients  of  the  glasses  used  in  the  multifibers  were  such 
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that  the  claddings  were  in  tangential  tension  (see  Paragraph  2.  3).  It  is 
generally  believed  that  the  greatest  fiber  strength  results  from  the  surface 
being  in  tangential  compression,  with  the  core  in  radial  tension,  much  like 
the  forces  that  exist  in  a  bicycle  wheel  when  the  spokes  are  tight.  The  mono¬ 
fibers  depicted  in  Figure  11c  were  made  of  materials  selected  to  provide  such 
stresses,  but  the  figure  does  not  show  a  significant  improvement  in  tensile 
strength  as  compared  with  the  multifibers. 

Except  for  the  fact  that  the  tensile  strength  of  a  fiber  reflects  somewhat  its 
general  mechanical  condition,  the  typical  tensile  strength  values  observed  in 
these  studies  are  largely  of  academic  interest  with  regard  to  the  present 
problem.  The  values  observed  are  comfortably  high,  so  that  the  question  of 
axial  ^-force  limitations  need  not  be  of  concern  here.  Calculation  has  shown 
that  a  fiber  with  a  tensile  strength  of  only  30,000  psi  and  a  typical  specific 
gravity  of  2.  5  will  support  itself  in  lengths  up  to  27, 000  feet  in  a  one  {|  field. 

2.  2.  2  Shear  Strength 

A  special  test  device  was  designed  and  constructed  to  allow  shear  point  measure¬ 
ments  on  single  fibers  as  a  function  of  fiber  diameter.  The  device  is  shown  in 
Figure  12  and  consists  of  a  base  plate  and  backing  plate  upon  which  a  fiber 
mounting  plate  and  clamp  are  fixed;  the  shearing  of  each  fiber  is  effected  by  an 
air-pressure-driven  shearing  pin  whose  end  protrudes  from  a  pressure  cylinder. 
The  shearing  force  is  controlled  and  observed  by  means  of  a  conventional  pres¬ 
sure  regulator  and  gauge. 

The  fibers  tested  were  of  the  type  described  in  Paragra^  2.  2.  The  following 
test  procedure  was  used: 

(1)  A  fiber  was  placed  on  the  mounting  plate  and  clamped  in 
position  with  the  shearing  pin  resting  lightly  on  the  fiber. 

(2)  The  air  pressure  was  increased  slowly  on  the  rear  of  the 
shearing  pin,  causing  the  pin  to  bear  more  heavily  on  the 
fiber. 

(3)  The  pressure  increase  was  halted  as  soon  as  shear  occurred. 

At  that  instant,  a  momentary  pressure  drop  was  indicated  as  the 
pin  plunged  downward,  but  the  regulator  would  soon  restore  the 
shearing  pressure  value.  This  value  was  recorded  and  was 
converted  to  a  total  force  applied  by  the  shearing  pin  (including 
its  own  weight)  necessary  to  break  the  fiber. 

Several  hundred  fibers,  in  diameters  of  2,  3,  5,  8,  and  10  mils,  were  tested 
in  accordance  with  the  above  procedure.  The  distribution  of  shear  points  fcr 
each  diameter  is  shown  in  Figure  13.  As  expected,  the  distribution  shifts 
toward  the  higher  breaking  point  values  when  the  fiber  diameter  is  increased. 
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The  irregularities  in  the  distributions  are  attributed  to  fiber  inhomogeneities 
and  to  the  random  surface  flaws  mentioned  earlier.  No  special  attempts  had 
been  made  to  prevent  formation  of  these  flaws;  the  fibers  were  subjected  to 
handling  procedures  typical  of  those  prior  to  assembly  of  a  commercial  fiber 
bundle. 

2.  2.  3  Minimum  Bend  Radius 

Breaking  radius  tests  have  been  performed  upon  several  hundred  fibers  through 
use  of  a  simple  test  device  constructed  for  the  purpose.  As  in  the  shear  point 
tests,  fibers  of  2,  3,  5.  8,  and  10  mil  diameters  were  used  and  were  of  the 
same  composition  as  before. 

The  test  device  consisted  of  a  base  plate  to  which  was  attached  a  vertical  scale 
calibrated  in  sixteenths  of  an  inch;  a  guide  pin  and  a  hollowed-out  guide  ring 
completed  the  assembly,  which  is  shown  in  Figure  14. 

The  following  test  procedure  was  used  to  determine  the  minimum  bend  radius  of 
each  fiber; 

(1)  The  test  fiber  was  guided  around  the  inside  diameter  of  the 
guide  ring  to  form  a  circular  loop. 

(2)  The  fiber  ends  were  grasped  manually  and  pulled  past  the 
guide  pin  in  opposite  directions  along  a  straight  line  to 
decrease  the  size  of  the  loop. 

(3)  The  loop  diameter  was  observed  continuously  with  reference 
to  the  scale,  and  the  last  value  observed  before  fiber  breakage 
was  recorded  as  the  breaking  diameter.  O'eakages  which 
occurred  elsewhere  than  within  the  loop  were  not  recorded. 

Figure  15  presents  the  test  data  in  graphical  form.  As  in  the  case  of  shear 
strength  measurements,  there  is  again  a  rather  broad  distribution  of  breaking 
radii  for  fibers  of  a  given  diameter.  As  before,  this  is  attributed  to  fiber 
inhomogeneities  and  to  surface  flaws. 

2.  3  Thermal  Properties 

With  regard  to  the  individual  fiber,  the  thermal  properties  of  greatest  interest 
to  aerospace  applications  are  the  softening  temperature  and  the  thermal  ex¬ 
pansion  properties.  The  former  imposes  a  limit  on  environmsntal  temperatures, 
while  the  latter  is  of  concern  to  the  degree  of  stress  which  occurs  within  a  clad 
fiber  as  its  temperature  is  varied.. 

The  thermal  properties  of  glass  have  been  amply  documented  in  the  literature 
(for  example,  References  124  to  12f)  and  will  be  reviewed  only  briefly  here. 
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The  eoftening  point  of  glee*  is  most  ueuelly  defined  in  terms  of  its  viscosity, 
a  characteristic  of  glass  which  varies  with  time,  temperature,  and  composition 
and  which  is  quite  important  to  the  fabrication  and  performance  characteristics 
of  glass.  Several  reference  viscosities  have  been  established  by  the  American 
Society  for  Testing  Materials.  Examples  are: 

(1)  Softening  point.  This  is  the  temperature  at  which  glass  will 
deform  under  its  own  weight  and  corresponds  to  a  viscosity 
of  10^‘*  to  10*  poises. 

(2)  Annealing  point.  At  this  temperature,  the  internal  strains 
in  glass  are  reduced  to  an  acceptable  commercial  limit 
within  15  minutes;  it  is  characterised  by  a  viscosity  of 
10^*  po'ses. 

(3)  Strain  point.  This  is  defined  as  the  temperature  at  which 
the  internal  stresses  will  be  reduced  to  low  values  in 
four  hours.  The  corresponding  viscosity  is  10^*'*  poises. 

Figure  16,  drawn  from  material  in  Reference  125,  shows  the  viscosities  of 
several  types  of  newly  drawn  fibers  versus  temperature;  the  strain  and  azmeal- 
ing  points  are  indicated  according  to  the  ASTM  values. 

The  coefficient  of  thermal  expansion  is  of  interest  because  when  two  different 
glasses  are  fused  together,  as  in  the  case  of  a  clad  fiber,  any  difference  in 
their  expansion  coefficients  will  produce  residual  stresses  when  the  fiber  is 
cooled.  The  thermal  expansion  coefficient  of  glass  is  expressed  as  the 
fractional  change  in  length  per  unit  of  temperature  difference  and  is  generally 
the  mean  value  observed  over  the  range  0  to  300*  C. 


In  this  study,  our  interest  is  confined  to  the  Schott  F  2  core  glass  and  Kimble 
R-6  cladding  glass  which  are  quite  commonly  used  in  optical  fibers.  The  F  2 
is  a  lead  alkali  silica  glass  with  a  refractive  index  of  1. 62  while  the  R-6  is  a 
soda  lime  silica  composition  with  an  index  of  1.  52.  The  expansion,  annealing 
point,  and  softening  point  data  for  these  glasses  are: 


Schott  F  2 


IQmble  R-6 


Expansion  coefficient  86  x  10"’^  ^ 

Annealing  point  438*  C 

Softening  point  593*  C 


93  X  10-  /*C 
522*  C 
702  *C 


Table  2.  Thermal  properties  of  two  glasses. 


Because  of  the  fairly  well  matched  expansion  coefficients,  little  difficulty  has 
been  experienced  with  clad  fibers  fracturing  during  manufacture  or  ordinary 
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handling.  It  will  be  observed,  in  this  case,  that  the  cladding  glass  has  a  higher 
coefficient  and  should  be  expected  to  shrink  more  tightly  around  the  core  as  the 
fiber  is  cooled  to  ever  lower  temperatures.  To  our  knowledge,  extensive  tests 
have  not  been  performed  pn  the  influence  of  differential  expansion  in  weakening 
fibers  at  low  temperatures;  however,  tests  performed  here  in  another  connec¬ 
tion  indicated  that  clad  fibers  can  be  temperature-cycled  rapidly  between 
-100*  F  and  1000*  F  with  no  apparent  deterioration. 

Theoretical  considerations  indicate  that  from  the  standpoint  of  mechanical 
strength,  fibers  of  improved  qualities  should  result  if  the  order  of  thermal 
expansion  coefficients  were  the  reverse  of  the  one  in  the  widely  used  F  2,  R-6 
pair.  If  the  core  material  had  the  higher  coefficient,  then  upon  cooling  from 
the  molten  state  it  would  tend  to  shrink  more  and  to  pull  the  cladding  tightly 
toward  it.  The  cladding,  not  being  able  to  contract  as  much,  would  be  left  in 
a  condition  of  tangential  and  linear  compression,  which  in  principle  should  yield 
a  stronger  fiber. 

The  values  given  in  Table  2  refer  to  glass  in  the  bulk  state.  It  is  widely  held 
that  differences  do  exist  between  glass  in  the  fiber  form  vs.  the  massive  form 
because  of  differences  in  their  cooling  rates  from  the  molten  state.  The  high 
chilling  rates  of  fibers  leave  the  glass  structure  in  an  unstabilized  condition, 
implying  that  further  changes  will  occur  with  time,  at  a  given  temperature. 

The  effect  of  these  changes  upon  viscosity  is  especially  noticeable,  as  shown 
in  Figure  17,  which  is  based  on  data  in  Reference  125. 

Measurements  of  the  physical  properties  of  the  same  glass  in  different  physi¬ 
cal  forms  indicate  that  a  fiber  of  0.  0005"  in  diameter  may  have  a  strain  point 
200*  C  to  300*  C  under  the  corresponding  temperature  of  massive  glass  and  a 
difference  of  10  x  10  per  *  C  in  the  coefficient  of  expansion. 

While  all  the  properties  of  glass  in  fiber  form  are  materially  different  from 
those  shown  by  the  same  compositions  in  massive  form,  the  properties  of  fibers 
tend  to  return  to  the  values  established  for  bulk  glass  as  stresses  in  the  fibers 
are  released.  This  stress  release  can  occur  at  room  temperature  over  a  period 
of  several  weeks  or  in  the  annealing  range.  While  many  of  the  properties  of 
glass  in  fiber  form  can  be  predicted  with  some  certainty,  much  remains  to  be 
learned  about  the  mechanical  strength  of  fibers.  The  properties  of  glass  under 
stress  are  in  no  way  similar  to  those  of  metals.  Class,  unlike  metal,  fails 
abruptly  without  yield  or  deformation.  Failure  always  results  from  a  tensile 
component  of  stress  even  though  a  load  may  be  applied  in  compression.  There 
seems  to  be  no  effect  on  the  fatigue  of  glass  whether  a  load  is  static  or  cyclic. 

It  has  been  generally  accepted  for  some  time  that  sntall  surface  flaws  are  the 
starting  points  of  a  fracture  when  glass  breaks  under  stress.  These  flaws  are 
submicroscopic  in  size  and  are  caused  by  chemical  action  on  the  surface  of  the 
glass,  or  are  scratches  caused  by  contact  with  other  pieces  of  material.  The 
flaws  become  the  focal  points  of  stress  concentrations  since  glass  does  not  yield 
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under  atrees  as  the  metals  do.  Testa  on  large  samples  of  fibers  have  led  to 
the  belief  that  no  accurate  prediction  of  the  breaking  stress  can  be  made  since 
the  surface  of  the  glass  is  so  dependent  on  its  past  history.  In  the  case  of  the 
very  fine  glass  fibers  which  are  drawn  for  textile  applications;  observed  tensile 
strength  values  are  much  higher  than  for  optical  fibers  or  for  bulk  glass. 
Freshly  drawn,  untouched  fibers  have  been  found  to  have  breaking  strengths 
up  to  900,  000  psi,  while  measurements  on  fibers  of  production  runs  have  an 
average  value  of  about  250.000  to  300,000  psi.  Parti^^.l  or  complete  annealing 
of  fibers  will  reduce  this  value  very  substantially,  probably  because  of  chemi¬ 
cal  actions  on  the  surfaces  of  the  fibers  and  because  it  may  relieve  certain 
desirable  stresses  which  contribute  to  fiber  strength. 
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SECTION  3 


PROPERTIES  OF  FIBER  BUNDLES 

The  term  "fiber  bundle",  as  used  here,  pertains  to  a  cooperative  configuration 
of  transparent  fibers  fulfilling  some  light -transmitting  function  which  a  single 
fiber  cannot  perform.  As  a  result,  the  properties  and  behavior  of  a  fiber 
bundle  are  quite  different  from  those  of  a  single  fiber  and  often  cannot  be  pre¬ 
dicted  from  a  knowledge  of  the  latter's  properties.  Moreover,  when  one  con¬ 
siders  the  mechanical  configuration  of  the  end  faces  and  the  mechanical  con¬ 
siderations  introduced  by  the  protective  jacket  which  is  normally  provided,  it  is 
apparent  that  the  study  of  fiber  bundles  includes  aspects  which  are  totally 
foreign  to  the  study  of  an  individual  fiber. 

We  are  using  the  term  "fiber  bundle"  to  include  both  the  image-bearing  "fiber- 
scope"  and  the  light-bearing  "light  pipe".  The  ensuing  discussion  will  concern 
itself  with  both  forms,  their  common  ingredient  being  the  ability  to  transmit 
visual  information,  whether  it  is  pictorial  or  "scrambled".  As  in  Section  Z, 
we  shall  consider  optical,  mechanical,  and  thermal  properties,  but  this  time 
in  relation  to  the  group  aspects  of  fiber  behavior,  with  some  reference  to  and 
unavoidable  repetition  of  Section  2  material. 

3.  1  Optical  Image  Transmission 

The  following  paragraphs  will  emphasize  the  image-bearing  aspects  of  bundles 
of  optical  fibers  and  the  way  in  which  image  quality  is  affected  by  various 
influences  such  as  bundle  length,  fiber  packing  factors,  number  of  fibers,  and 
so  forth.  We  use  the  term  "image"  in  its  broad  sense  to  include  scrambled  or 
incoherent  images  as  well  as  pictorial  presentations,  and  we  shall  differentiate 
between  them  hy  use  of  the  terms  "coherent  image"  and  "incoherent  image". 

3.1.1  Attenuation  vs.  Length 

The  most  important  single  factor  in  any  discussion  of  fiber  bundles  for  aero¬ 
space  applications  regards  the  maximum  lengths  which  may  be  used  for  effective 
image  transmission.  Depending  upon  the  brightness  of  the  scene  to  be  imaged, 
and  upon  the  viewing  conditions  and  other  factors,  there  is  a  maximum  possible 
length  beyond  which  any  fiber  bundle  loses  its  effectiveness. 

The  length  limitation  is  imposed  by  the  losses  of  radiant  energy  which  occur 
within  optical  fibers  as  a  result  of  bulk  absorption  by  the  materials  themselves 
and  as  a  result  of  scattering  and  of  other  losses  introduced  by  fiber  defects. 

The  purpose  of  this  Paragraph  is  to  examine  the  extent  of  these  losses  for 
various  fiber  bundles  and  to  speculate  as  to  practical  length  limitations  for 
various  viewing  situations. 
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In  the  study  of  optical  fibers  by  Potter  (41,  42),  six  parameters  were  listed  as 
having  significant  effects  on  the  transmittance  of  a  single  fiber: 

(1)  Fiber  core  diameter; 

(2)  Fiber  length; 

(3)  Refractive  index  of  core  glass; 

(4)  Refractive  index  of  surround  glass; 

(5)  Reflectivity  at  interface;  and 

(6)  Absorption  coefficient  of  core  glass. 

These  are  ai>aureaxy  the  important  ones,  but  to  them  we  would  add  the  absorp¬ 
tion  of  the  surround  glass  and  the  presence  of  contaminants  within  the  core  or 
cladding,  both  factors  being  especially  important  in  the  case  of  long  fibers. 

Potter  has  made  measurements  with  the  purpose  of  deducing  typical  values  of 
interfacial  reflectivity  and  has  arrived  at  values  of  the  order  of  99.  93%;  it  is 
possible  that  this  value  takes  into  account  the  effects  of  any  interfacial  defects 
or  others. 

The  parameters  listed  above  are  exclusive  of  fixed  losses  vdtich  occur  in  a 
fiber  bundle  in  the  form  of  packing  or  interstitial  losses  which  are  dealt  with 
elsewhere  in  this  report. 

In  Paragraph  2. 1.  6  we  reported  the  results  of  transmittance  measurements  on 
solid  blocks  of  various  types  of  glass,  as  shown  in  Figures  2  through  8.  A  later 
series  of  measurements  was  concerned  with  the  spectral  transmittance  of  clad 
fibers  with  F  2  glass  cores  and  R-6  glass  cladding  for  comparison  with  the  data 
on  solid  F  2  blocks.  This  series  comprised  spectral  transmittance  measure¬ 
ments  on  2,  4,  6,  and  12^foot  long  light  pipes,  using  the  General  Electric 
spectrophotometer.  In  this  instrument,  the  light  beam  in  the  position  of  the 
sample  is  5/8"  high  by  3/16"  wide;  a  lens  was  used  to  converge  this  beam  to 
about  3/16"  by  1/16"  in  order  that  it  would  be  contained  within  the  4"  diameter 
light  pipe  end  faces.  The  marginal  rays  in  this  case  were  7*  from  axial,  which 
is  well  within  the  acceptance  angle  of  the  fibers.  The  output  end  of  the  fibers 
was  directed  into  the  integrating  sphere  of  the  instrument  so  that  all  of  the  emitted 
light  was  collected  and  utilized  in  the  measurement.  All  fibers  were  approxi¬ 
mately  two  mils  in  diameter. 

The  recorded  data  were  then  corrected  for  end  face  reflectance  losses  in  order 
to  convert  them  into  line -transmittance  so  that  they  could  be  extrapolated  to  a 
common  length  for  comparison  with  each  other.  In  addition,  the  data  were 
adjusted  for  computed  values  of  entrant  light  which  was  lost  in  falling  between 
fibers  (see  Paragraph  3.  1.2),  falling  on  the  cladding  end  faces,  and  falling  on 
"dead"  or  missing  fibers.  This  is  equivalent  to  subtracting  from  the  reference 
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light  beam  a  amall  part  of  its  cross-sectional  area  containing  that  part  of  the 
light  which  falls  between  the  fiber  cores,  thereby  raising  the  measured  trans¬ 
mittance  values  to  what  they  would  be  for  a  hypothetical  bundle  of  clad  fibers 
with  no  interstitial  spaces.  It  is  important  to  realize  that  these  adjustments 
serve  to  eliminate  the  effect  of  absorption  of  incident  light  by  the  integrated  end 
face  area  of  the  claddings,  but  the  adjusted  transmittance  values  nonetheless 
include  the  effects  of  cladding  absorption  of  rays  which  initially  entered  the 
cores  themselves  but  which  "leaked"  into  the  cladding  during  the  multiple 
reflection  process.  The  purpose  of  these  adjustments  was  to  eliminate  varia¬ 
tions  in  the  "area  factor"  (fraction  of  incident  light  falling  on  the  cores  only) 
which  varies  appreciably  from  one  fiber  bundle  to  another;  only  in  this  way 
could  the  measured  values  be  reduced  to  a  common  basis  for  comparison. 

The  computed  results  are  shown  in  Figure  18.  The  uppermost  curve  is  a 
reproduction  of  one  shown  in  Figure  5  and  pertains  to  a  particular  melt  of 
Schott  F  2  glass  extrapolated  to  a  six-foot  length.  The  lower  solid  curve  is 
the  computed  transmittance  of  a  six-foot  light  pipe,  assuming  no  interstitial 
losses,  and  is  based  on  the  average  of  the  spectrophotometric  measurements 
on  the  2,  4,  6.  and  12i-foot  long  light  pipes.  Both  curves  represent  line-trans- 
mittance  only,  and  would  have  to  be  revised  downward  slightly  to  accommodate 
end  surface  reflectance  losses. 

Because  the  lower  curve  is  corrected  for  interstitial  losses,  the  only  remaining 
causes  of  the  disparity  between  the  two  solid  curves  should  be  (1)  light  losses 
within  the  fibers  because  of  scattering,  (2)  imperfect  interfacial  reflectance 
between  core  and  cladding,  and  (3)  the  apparently  substantial  absorption  by  the 
cladding.  There  is,  in  addition,  a  further  slight  source  of  disparity  due  to  a 
circumstance  of  the  experimental  set  up,  notably  that  the  incident  light  beam  in 
the  case  of  the  upper  curve  was  fairly  well  collimated,  being  contained  within  a 
very  few  degrees  of  the  fiber  axis,  while  the  beam  in  the  lower  case  was  some¬ 
what  convergent,  with  the  marginal  rays  being  incident  at  about  ±7*  off  axis. 

The  effect  of  this  convergence  was  to  increase  the  total  path  length  of  many  rays 
through  the  fiber  (according  to  the  relationship  Lsec9;  see  Paragraph  2.  1.  1)  and 
is  teflected  in  the  fact  that  the  transmittance  curve  is  somewhat  lower  than  it 
should  be. 

ife  observe  that  in  the  visible  spectral  region  the  lower  curve  approaches  within 
80%  of  the  upper  curve,  but  in  the  infrared  region  this  value  drops  to  about  68%. 
This  implies  the  presence  of  some  dispersive  or  wavelength- sensitive  phenomenon 
which  arises  when  one  proceeds  to  clad  a  core  material  and  draw  it  into  fibers. 

If  we  assume,  reasonably,  that  the  scattering  phenomena  and  the  interfacial 
defects  are  non-dispersive,  then  the  only  remaining  cause  of  appreciable  infra¬ 
red  loss  would  be  absorption  by  the  cladding;  the  known  infrared  losses  within 
presently  used  cladding  materials  bear  this  out.  The  importance  of  these  curves 
is  that  they  apparently  verify  (1)  the  theoretical  prediction  that  a  light  ray  which 
is  totally  reflected  at  a  dielectric  interface  does  indeed  penetrate  into  the  second 
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medium  for  a  finite  distance  and  therefore  (2)  that  to  achieve  highly  transmitting 
fibers  of  considerable  length,  where  many  reflections  are  involved,  it  is 
extremely  important  to  specify  high  transmittance  not  only  in  the  core  material 
but  in  the  cladding  as  well. 

Also  shown  in  Fig.  18,  as  broken  lines,  are  partial  transmittance  measurement 
values  for  "F  2,  R-6"  light  pipes  of  three  different  qualities,  extrapolated  to 
six  foot  lengths  and  adjusted  upward  for  interstitial  and  end  losses.  The  lowest 
curve  originates  from  a  light  pipe  whose  core  material  was  from  a  melt  of  F  2 
glass  which  apparently  contained  inclusions,  to  which  fibers  are  very  sensitive. 
The  middle  broken  curve  represents  fibers  with  F  2  cores  from  a  higher  quality 
melt,  and  the  uppermost  broken  curve  is  for  fibers  with  cores  of  the  better  F  2 
melt  but  with  a  different  area  factor  as  well.  A  word  of  explanation  is  necessary 
with  regard  to  the  computed  area  factors  and  their  effect  on  possible  imcertain- 
ties  in  the  broken  curves.  For  each  light  pipe  measured,  a  photomicrograph 
of  the  end  face  was  studied  carefully  in  order  to  allow  an  estimate  of  the  usable 
end-face  fractional  area.  Reference  to  Fig.  la  will  reveal  that,  although  the 
area  factor  averaged  over  a  given  light  pipe  has  a  specific  meaning,  it  shows  wide 
local  variations  over  the  end  face.  In  the  spectrophotometric  measurements, 
the  illuminating  beam  was  contained  within  the  fiber  bundle  end  face  and  illumi¬ 
nated  only  a  portion  of  it.  During  the  measurement,  it  was  not  possible  to 
determine  which  part  of  the  end  face  was  being  illuminated.  Thus,  an  average 
area  factor  value  computed  for  a  given  light  pipe  was  not  necessarily  applicable 
to  that  part  of  the  end  face  area  which  was  actually  used  in  the  measurements. 
Consequently,  the  adjustments  in  the  curves,  which  were  achieved  by  dividing 
the  observed  transmittance  value  at  each  wavelength  by  the  area  factor,  are  not 
necessarily  the  appropriate  ones.  In  the  case  of  the  highest  broken  curve,  the 
computed  area  factor  was  only  52%;  this  may  have  been  unduly  low,  leading  to 
an  unnecessarily  large  correction  in  the  original  transmittance  curve.  The 
area  factors  for  the  three  broken  curves  were,  respectively,  52%,  66.  5%, 
and  70%,  reading  from  the  top  downward,  which  is  a  fairly  large  variation 
considering  the  small  number  of  samples. 

Figure  19  presents  computed  transmittance  values  for  light  pipes  in  124  25, 

50,  and  100  foot  lengths.  These  values  were  extrapolated  from  measurements 
or  shorter  light  pipes  with  F  2  cores  and  R-6  claddings.  After  extrapolation  of 
the  line-transmittance  values  to  the  various  lengths,  appropriate  deductions 
were  made  to  allow  for  end  surface  reflectance  losses  (wavelength  by  wavelength) 
and  for  an  arbitrary  area  factor  of  70%.  These  curves  are  thus  intended  to 
portray,  somewhat  realistically,  the  transmittance  values  of  actual  light 
pipes  in  the  lengths  indicated. 

Figure  20  presents  the  results  of  direct  spectrophotometric  measurements  on 
several  light  pipes  and  on  a  fiberscope  composed  of  multifibers.  In  the  latter 
case,  the  cross-sectional  cladding  area  would  be  expected  to  occupy  an  appre¬ 
ciably  greater  proportion  of  the  entrance  area  than  it  would  in  a  light  pipe;  this 
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ia  very  likely  the  reason  that  the  48"  light  pipe  ahows  a  higher  tranamittance  than 
does  the  36"  fiberscope.  The  curves  shown  include  the  effects  of  reflectance 
losses  iairodacad  fay  a  condensing  lens  used  in  the  measurements.  Without  the 
lens,  the  curves  would  be  somewhat  higher,  as  indicated  by  the  corrected  values 
shown  below  for  550  m^  : 


TRANSMITTANCE  AT  550  MILLIMICRONS: 
Observed  Corrected  for  Lens 


24- inch  light  pipe 
48- inch  light  pipe 
36-inch  fiberscope 
12^  foot  light  pipe 


46% 

53% 

40% 

46% 

34% 

39% 

17% 

20% 

Table  3.  Corrected  transmittance  values  for  curves  shown  in  Figure  20. 


The  corrections  for  the  lens  reflectance  are  seen  to  become  less  important,  in 
a  relative  sense,  in  the  longer  fiber  bundles  where  the  line-losses  predominate. 

We  turn  now  to  the  question  of  the  effect  which  a  reduced  transmittance  would 
have  in  the  practical  case  of  a  fiber  bundle  being  used  in  an  aerospace  applica¬ 
tion.  It  is  difficult  to  specify  a  certain  maximum  usable  fiber  bundle  length  for 
any  application,  for  this  length  will  depend  upon  the  scene  brightness,  the 
degree  of  visual  recognition  demanded  by  the  observer,  and  several  other  fac¬ 
tors.  Instead,  we  can  only  hope  to  convey  a  subjective  impression  of  the 
manner  in  which  an  image  deteriorates  as  it  is  transferred  through  increas- 
ingly  greater  bundle  lengths. 

To  this  end,  we  have  prepared  a  series  of  photographs,  under  laboratory 
conditions,  attempting  to  show  the  progress  of  the  image  deterioration  with 
increasing  bundle  lengths.  The  photographic  subjects  consisted  of  live  scenes 
or  photographs  representing  typical  situations  which  might  be  viewed  in  aero¬ 
space  haxard  detection  problems,  such  as  an  engine  fire.  The  subjects  were 
imaged  upon  fused  faceplates  or  fiber  bundles  of  various  configurations  by 
means  of  appropriate  objective  lenses.  The  image  transmitted  by  the  fiber 
optic  device  was  photographed  by  conventional  means;  the  effect  of  an  increas¬ 
ing  optical  bundle  length  was  simulated  by  the  introdxiction  of  appropriate 
optical  filters  before  the  camera. 

One  of  several  laboratory  photographic  setups  is  shown  in  Fig.  21.  The 
subject  in  this  case  is  a  laboratory  mockup  of  a  jet  engine  section,  with  a 
propane  burner  flame  being  introduced  to  simulate  the  appearance  of  an 
accidental  engine  fire.  An  objective  lens  (in  this  case,  a  variable  focus  or 
"Zoom"  lens)  forms  an  image  of  the  subject  upon  a  thin  fiberscope  faceplate 
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whose  purpose  is  to  superimpose  upon  the  image  a  mosaic  pattern  character¬ 
istic  of  a  fiberscope  of  given  quality  or  resolution.  The  image  transmitted  to 
the  rear  surface  of  the  faceplate  was  photographed  at  close  range  as  the  eye 
might  see  it  with  an  eyepiece  magnifier  of  reasonable  power.  This  setup  was 
also  used  in  other  photographic  studies  to  be  described  later. 

Figure  22  presents  a  series  of  views  of  an  engine  fire  as  it  might  appear 
through  increasing  lengths  of  fiberscope.  It  is  not  possible  to  specify  the 
precise  fiberscope  length  which  is  simulated  in  each  of  the  photographs  but 
only  to  suggest  a  series  of  approximate  lengths.  The  reasons  are  several, 
including  the  fact  that  fiberscopes  differ  among  themselves  in  apparent 
transmittance  per  unit  length  and  it  is  not  possible  to  specify  a  "typical" 
fiberscope  transmittance.  A  more  important  reason  is  that  the  ability  of  the 
eye  to  accommodate  for  various  brightnesses  in  viewing  a  fiberscope  image 
is  not  at  all  effective  when  viewing  a  series  of  photographs  of  such  images. 
Thus,  the  image  which  appears  darkest  in  the  photographs  might  actually 
appear  somewhat  brighter  to  the  eye  in  an  actual  viewing  situation,  and 
conversely.  The  observer's  viewing  conditions  and  state  of  dark-adaptation 
strongly  influence  what  he  will  "see"  in  viewing  a  fiberscope  image.  There¬ 
fore,  a  series  of  photographs  cannot  hope  to  duplicate  an  actual  visual 
situation  but  only  to  indicate  trends. 

Tentatively,  therefore,  we  suggest  that  the  progression  of  darker,  greener 
images  of  Figure  22  depicts  what  an  observer  might  see  in  viewing  an  engine 
fire  successively  through  5,  10,  IS,  ,and  20  foot  fiberscopes  of  average 
quality  winder  laboratory  viewing  conditions.  The  suggested  lengths  are  based 
upon  visual  estimates  by  the  author  who  has  had  an  opportunity  to  make 
observations  through  several  long  fiberscopes  during  this  study;  however, 
these  estimates  are  subjective  and  include  an  uncertainty  of  perhaps  ±25% 
in  the  length  values . 

The  image  detail  visible  in  these  photographs  is  typical  of  a  high  quality 
fiberscope  with  fused  end  faces.  Approximately  one  million  fibers  are  repre¬ 
sented  over  the  area  of  each  photograph,  each  being  too  small  to  be  visible. 

By  contrast,  Figure  23  presents  a  similar  sequence  of  photographs  taken  with 
an  actual  multifiberscope.  The  multifibers  themselves  are  visible  in  the 
first  photograph  (although  they  are  out  of  focus  in  the  later  ones);  however, 
the  thirty-six  individual  channels  within  each  multifiber  are  again  too  small 
to  be  resolved  here.  As  an  extreme  example  of  a  low  resolution  image,  the 
photographs  of  Figure  24  depict  a  similar  sequence  as  transmitted  by  only  a 
few  thousand  fibers.  This  sequence  was  prepared  through  use  of  an  inten¬ 
tionally  coarse  faceplate  specially  prepared  for  this  purpose.  The  fibers 
were  of  eight  mil  diameters  and  were  potted  in  epoxy  resin,  rather  than  being 
fused  together;  their  outlines  are  therefore  highly  discernible  and  their  group 
appearance  would  be  (except  for  their  random  arrangement)  somewhat  typical 
of  a  monofilament  fiberscope  viewed  under  high  magnification. 
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Although  the  subject  of  the  number  of  fibers  per  image  belongs  in  Paragraph 
3.  1. 3  on  resolution,  it  is  introduced  here  so  that  we  can  examine  the  limita¬ 
tions  imposed  upon  image  clarity  due  to  the  combined  effects  of  low  resolution 
and  high  attentuation.  To  add  a  further  element  of  poor  image  quality,  we 
have  provided  a  de-focused  image  of  the  flame  on  the  faceplate  shown  in  Figure 
24;  although  the  fiber  ends  are  themselves  well  resolved  in  the  photographs, 
the  flame  image  and  the  engine  parts  are  blurred.  Thus,  Figures  22  and  24 
depict  the  effect  of  an  increase  in  bundle  length  on  both  a  high  quality  and  a  low 
quality  fiberscope. 

There  is  no  question  of  the  superior  image  quality  seen  in  Figure  22.  However, 
the  question  which  must  be  asked,  in  comparing  these  figures,  reverts  to  the 
matter  of  the  intended  function  of  a  fiberscope.  That  question  is,  "Apart  from 
the  matter  of  poor  image  quality,  is  there  any  doubt  that  a  flame  is  visible  in 
the  last  photograph  of  Figure  24,  assuming  an  engine  compartment  in  which  no 
other  light  source  should  be  present?".  (It  must  be  remembered  that  in  an 
actual  viewing  situation,  the  normal  motion  of  the  flame  would  add  a  further 
dimension  of  reality  which  is  not  possible  in  a  photograph.  ) 

If  the  reader  agrees  that  the  flame  is  recognizable  here,  then  in  cases  where 
a  fiberscope  is  used  simply  to  provide  a  pilot  with  the  knowledge  of  fire-vs.  - 
no-fire  in  an  engine  compartment,  it  is  suggested  that  the  reduced  image 
quality  of  the  low  resolution  fiberscope  can  become  secondary  to  the  matter  of 
the  reduced  weight  and  cost  which  would  be  afforded  by  the  smaller  number  of 
fibers. 

A  final  sequence  of  progressively  attenuated  photographs  is  presented  as  Fig¬ 
ure  25.  In  this  case  the  visual  situation  differs  in  that  a  smaller  flame  is  seen 
against  an  incandescent  engine  surface.  The  sequence  of  simulated  fiberscope 
lengths  is  approximately  as  before,  except  that  the  characteristic  green  tinge 
of  long  fiberscopes  was  not  introduced  into  these  photographs.  It  is  observed 
that  the  flame  is  still  visible  in  the  final  photograph  although  the  hot  surface  is 
not.  paragraph  4.6  on  image  tubes  will  discuss  means  of  rendering  the  hot 
surface  visible  in  this  situation.)  The  estimated  lengths  are  10,  20,  30  and  40  ft. 

3.  1. 2  Interstitial  Losses 

Because  only  the  core  of  a  clad  fiber  is  an  effective  transmitter  of  light,  any 
incident  light  which  falls  between  the  cores  at  the  end  face  is  lost,  including 
that  which  falls  on  the  cladding  ends. 

In  the  case  of  round  fibers,  the  integrated  area  of  the  interstices  occupies  a 
measurable  fraction  of  the  end  face  area.  At  the  viewing  end,  the  image 
(whether  coherent  or  not)  is  seen  with  a  reduced  average  brightness,  as  though 
one  were  viesring  a  scene  through  a  dark  window  screen.  The  apparent  oright- 
ness  loss  depends  upon  the  fiber  spacing  in  the  end  faces  and  is  greater  with 
more  loosely  spaced  fibers. 
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Figure  26  ehowe  the  case  of  maximum  packing  density  (or  area  factor)  which  is 
realisable  in  the  caie  of  a  light  pipe  with  round  fibers,  whereas  Figure  27  shows 
the  more  open  spacing  which  results  with  current  methods  of  monofilament  fiber- 
scope  manufacture  in  which  straight  rows  of  fiber  ends  are  laid  down  succes¬ 
sively. 


In  the  former  case,  where  each  fiber  is  surrounded  closely  by  six  others  and 
the  lines  connecting  their  centers  make  angles  of  60*  or  120*  with  each  other, 
it  can  be  shown  that 


Area  Factor  =  ^ 

3.47 


(Core  diameter)* 
(Spacing)^ 


where  the  fiber  spacing  is  the  distance  between  their  centers. 


In  practice,  the  fibers  do  not  embed  as  closely,  particularly  in  the  fiberscope 
case.  If  each  fiber  were  surrounded  by  five  others,  on  the  average,  then  the 
60°  ,  120*  relationship  would  be  replaced  by  a  72*  ,  108*  one  and  we  would 
have: 


Area  Factor  = 


3.  80 


^  (Core  diameter)’ 
(Spacing)” 


With  actual  light  pipes,  one  finds  the  average  number  of  fibers  surrounding  a 
given  fiber  to  be  somewhere  between  five  and  six  so  that  for  computation  of  the 
area  factor,  one  would  use  a  value  for  the  factor  in  the  denominator  somewhere 
intermediate  to  those  shown. 


In  the  ideal  packing  situation,  depicted  in  the  first  formula  above,  it  is  seen  that 
if  the  fibers  were  not  clad  and  the  cores  were  in  contact,  then  the  fiber  spacing 
would  equal  the  core  diameter,  and  the  area  factor  would  be  tt/3.47  or  about 
91%.  Thus,  in  the  ideal  case,  the  interstices  would  cause  about  a  9%  loss  of 
the  incident  light. 

Somewhat  different  considerations  apply  to  fiberscopes  made  of  multifibers, 
which  are  normally  more  square  or  rectangular  than  circular  and  which  there¬ 
fore  utilize  the  end  face  area  more  effectively  (see  Figure  Ic).  However, 
although  the  spaces  between  fibers  are  not  as  great,  the  ratio  of  cladding  cross 
section  to  total  area  may  be  greater,  depending  upon  the  size  and  construction 
of  the  basic  multifiber. 


The  above  considerations  imply  that  the  highest  utilisation  of  the  bundle  end 
face  area  would  be  achieved  through  the  use  of  fibers  with  square  cores  and  a 
minimum  of  cladding.  However,  other  considerations  involving  the  geometry 
of  internally  reflected  rays  show  that  the  transmittance  is  not  as  high  through 
square  fibers  as  through  round  ones  because  of  a  greater  tendency  for  light  to 
escape  through  the  corners  of  each  fiber. 
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There  ie,  however,  an  alternative  approach  to  higher  end  face  utilixation  which 
involves  fusing  the  fibers  together  only  at  the  end  faces,  leaving  them  round 
over  most  of  their  lengths.  Figure  lb  shows  the  dense  packing  which  is  attain¬ 
able  by  fusing. 

The  process  is  done  under  vacuum  conditions  in  order  to  eliminate  air  gaps, 
and  heretofore  it  has  lent  itself  more  readily  to  short,  solid  faceplates  than  to 
fiber  bundle  ends.  Progress  is  being  made,  however,  in  overcoming  certain 
manufacturing  difficulties  and  particularly  the  brittleness  of  the  transition  zone 
between  the  solid  end  face  and  the  loose  fibers  immediately  behind  it. 

3.1.3  Resolution 

Figures  28a,  b,  and  c  show  the  improvement  in  image  clarity  which  is  obtained 
as  one  transmits  a  given  image  through  a  larger  number  of  smaller  fibers.  The 
definition  of  detail  is  obviously  improved  as  one  dissects  an  image  into  an  ever 
greater  number  of  smaller  elements  for  transmission  purposes.  The  fiber 
bundles  used  here  were  fused  faceplates  containing  fibers  of  4  mil,  2  mil,  and 
^  mil  diameters,  respectively. 

In  these  photographs,  it  is  particularly  evident  that  a  single  fiber  caimot  convey 
picture  information  over  its  end  face;  instead,  any  image  detail  falling  on  a 
fiber  end  is  averaged  out  in  its  course  through  the  fiber  and  appears  at  the  far 
end  as  an  area  of  uniform  color  and  intensity.  Consequently,  a  fiber  bundle  can 
transmit  only  as  many  picture  elements  as  the  number  of  fibers  which  it  contains. 
The  number  of  fibers  is  often  referred  to  as  the  "resolution"  of  the  bundle. 

Bundle  resolution  does  not  depend  on  fiber  size,  for  two  bundles  which  have  the 
same  number  of  differently-sized  fibers  will  transmit  the  same  number  of 
picture  elements. 

The  matter  of  the  degree  of  bundle  resolution  required  for  a  given  aerospace 
detection  problem  depends  upon  the  amount  of  picture  information  which  must  be 
conveyed,  and  since  this  varies  broadly  from  one  situation  to  another,  no  quan¬ 
titative  recommendation  can  be  made  concerning  each.  For  example,  the  sub¬ 
ject  may  be  an  engine  section,  as  in  Figure  22,  containing  considerable  detail 
and  which  may  have  to  be  monitored  for  a  small  oil  leak;  in  such  a  case,  a 
million  fibers  (as  in  the  photograph)  may  not  be  too  many,  although  there  is  no 
advantage  to  using  more  fibers  than  the  eye  can  resolve  individually,  for  image 
clarity  does  not  improve  beyond  the  point  where  the  individual  fiber  can  no 
longer  be  distinguished.  (This  assumes  that  the  picture  area  remains  constant 
in  size  and  that  the  fiber  diameters  are  reduced  as  their  number  is  increased. ) 

On  the  other  hand,  the  same  engine  section  may  happen  to  be  the  subject  in  a 
case  where  the  viewing  requirement  is  not  as  critical,  as  in  the  detection  of  a 
small  accidental  fire  and  of  its  size  and  location.  In  this  case,  a  quarter 


million  fibers  would  provide  an  image  of  quality  comparable  to  a  television  image 
under  good  conditions  of  reception,  while  only  100,000  image  points  (as  in  Fig¬ 
ure  23)  might  be  adequate. 

At  the  other  extreme,  the  engine  details  may  not  be  at  all  of  interest  but  only 
the  question  of  whether  a  fire,  large  or  small,  exists  in  the  compartment.  In 
such  a  case,  a  few  thousand  fibers  would  provide  enough  shape  recognition 
(see  Figure  24)  to  allow  the  flame  to  be  distinguished  from  any  spurious  light 
source  which  might  be  present,  such  as  sunlight  entering  through  a  louver.  In 
a  typical  jet  engine  compartment  which  is  well  sealed  against  outside  light 
sources,  and  where  flame  detection  (and  not  discrimination)  is  the  only  problem 
anywhere  from  a  few  fibers  to  a  few  hundred  may  suffice,  depending  largely 
upon  the  angular  coverage  which  is  desired,  for  this  in  turn  depends  upon  the 
relationship  between  the  bundle  diameter  and  the  focal  length  of  the  objective 
lens.  In  the  simplest  of  flame  detection  situations,  there  is  very  little  sacrifice 
of  image  realism  if  one  specifies  a  light  pipe  instead  of  a  fiberscope,  for  the 
sparkliqi,  scrambled  yellow  dots  by  which  the  light  pipe  conveys  a  flame  image 
leave  no  doubt  that  one  is  observing  the  color  and  flicker  characteristics  of  a 
flame  and  that  form  recognition  is  not  necessary.  Laboratory  observations 
through  a  very  small  light  pipe  containing  only  33  two-mil  fibers  have  indicated 
to  us  how  few  image  points  are  necessary  in  providing  convincing  information 
that  a  flame  is  being  observed. 

Figure  29  illustrates  the  recognizability  of  a  flame  under  progressively  worse 
image  conditions.  The  fiber  bundles  used  were,  respectively,  fused  and  potted 
faceplates  containing  increasingly  coarser  fibers;  a  slight  reduction  in  fiber 
orientation  is  evident  in  one  of  the  faceplates. 

It  is  important  to  recognize  that  the  presence  of  a  flame  is  clearly  discernible 
in  all  cases,  especially  when  one  considers  the  characteristic  flame  motion 
which  is  visible  in  the  actual  case.  Where  the  problem  is  simply  one  of 
detecting  flame  versus  no-flame,  the  difference  in  image  quality  becomes  less 
emphatic  and  all  four  faceplates  in  the  figure  can  be  considered  to  be  perform¬ 
ing  with  equal  effectiveness. 

Although  the  sequence  of  photographs  depicts  an  image  of  constant  size  as 
transmitted  by  increasingly  coarser  faceplates,  it  may  also  be  regarded  as  a 
progression  of  smaller  images  formed  on  smaller  sections  of  the  same  faceplate 
but  photographed  at  progressively  higher  magnifications.  In  view  of  this  con¬ 
sideration,  it  is  clear  that  the  use  of  fewer  fibers  does  not  necessarily  imply 
larger  fibers  but  rather  a  smaller  fiber  buzidle,  with  its  attendant  savings  in 
weight  and  in  cost.  In  our  opinion,  the  fiber  bundle  user  may  tend  to  specify 
too  large  a  number  of  fibers  for  a  given  application,  being  understandably 
influenced  by  the  thought  of  a  clearer  image;  we  wish  to  stress  the  economics 
which  may  be  enjoyed  if  one  uses  no  more  fibers  than  are  necessary  for  a  given 
function. 
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This  discussion  of  resolution  has  concerned  itself  largely  with  coherent  images 
as  transmitted  by  fiberscopes;  to  a  lesser  extent,  the  information-transmitting 
ability  of  a  fiberscope  increases  with  the  number  of  fibers,  but  because  light 
pipes  are  recommended  here  largely  for  "go,  no-go"  flame  detection  applications, 
there  would  be  little  advantage  afforded  by  a  larger  number  of  smaller  fibers. 
Indeed,  we  have  observed  the  effect  of  the  scintillating,  scrambled  flame  image 
to  be  more  dramatic  with  larger,  fewer  fibers  becaiue  the  spots  tend  to  move 
around  the  bimdle  end  face  more  freely;  when  too  many  fibers  are  used,  clusters 
of  them  scintillate  in  unison  but  the  visual  effect  is  not  as  striking.  A  quarter- 
inch  diameter  light  pipe  containing  about  a  thousand  5-mil  fibers  is  quite  ef¬ 
fective  for  flame  detection,  although  our  studies  have  indicated  that,  from  the 
standpoint  of  mechanical  durability,  five-mil  fibers  are  not  likely  to  be  as  suit¬ 
able  for  aerospace  environments  as  are  two  or  three  mil  fibers.  The  principal 
advantage,  then,  of  specifying  a  flame-detection  light  pipe  with  many  finer 
fibers  would  be  a  matter  of  mechanical  survival. 

3.1.4  Effects  of  Fiber  Diameter 

We  consider  two  fiberscopes  with  equal  numbers  of  fibers  but  differing  in  fiber 
diameter  and  thus  in  bundle  cross  section.  We  assume,  also,  that  they  are  used 
with  objective  lenses  whose  focal  lengths  are  proportional  to  the  respective  fiber 
sizes  so  the  fiberscope  fields  of  view  are  identical;  the  respective  image  sizes 
of  a  given  object  will  thus  be  in  proportion  to  the  fiberscope  sizes. 

Aside  from  the  obvious  ways  in  which  these  devices  differ  mechanically,  cost- 
wise,  and  so  forth,  we  are  interested  in  how  they  uiffer  optically.  With  one 
stipulation,  the  main  difference  is  simply  in  the  total  amount  of  light  transmitted 
and  the  effect  which  this  has  on  the  ease  of  viewing.  The  stipulation  is  that  the 
fiber  sizes  must  be  at  least  large  enough  so  that  waveguide  effects  do  not  pre¬ 
dominate;  that  is,  the  fiber  diameters  must  exceed  a  few  wavelengths  of  light. 

If  they  are  larger  than  a  few  microns  (1  mil  =  25.4  microns)  the  fiber  trans¬ 
mittance  will  be  largely  independent  of  fiber  diameter. 

The  suggestion  that  the  larger  fiberscope  transmits  more  total  light  automatical¬ 
ly  implies  a  certain  desirability,  but  the  exact  nature  of  this  advantage  should 
be  understood  by  the  reader.  It  does  not  imply  that  one  image  will  be  brighter 
than  the  other,  for  the  additional  flux  is  merely  distributed  over  a  larger  end 
surface  area;  similarly,  the  angular  distributions  of  emergent  rays  will  not 
differ  if  the  objective  N.  A's.  are  the  same.  The  essential  difference  between 
the  two  fiberscope  innages  is  that  the  larger  one  will  require  less  eyepiece 
magnification  to  convert  it  to  a  given  angular  size  than  will  the  smaller  one.  As 
will  be  shown  in  Paragraph  4.1.1,  the  advantage  of  a  lower  eyepiece  magnifica¬ 
tion  is  that  the  magnified  image  is  visible  from  steeper  angles,  allowing  a 
greater  freedom  of  head  movement  by  the  observer.  Essentially,  then,  the 
extra  radiant  flux  carried  by  the  larger  bundle  can  be  directed  into  a  larger 
solid  angle  at  the  observer's  end,  providing  him  with  an  image  of  the  same 
angular  size  but  one  ebich  is  naore  easily  viewed. 
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On  the  other  hend,  with  «  larger  initial  image  at  hie  dieposal  the  eyetem 
deeigner  may  elect  to  epecify  the  eame  eyepiece  magnification  as  he  would 
for  the  smaller  fiberscope  image.  In  this  case,  the  observed  image  will 
appear  larger  but  will  be  confined  to  the  same  viewing  angle  as  with  the 
smaller  image. 

Figure  30  presents  a  sequence  of  photographs  depicting  a  difficult  viewing 
situation  requiring  the  recognition  of  a  barely  luminous,  incandescent  turbine 
casing  as  seen  through  a  fiberscope.  The  three  photographs  are  identical 
except  for  differences  of  magnification.  It  will  perhaps  be  observed  that 
the  largest  photograph  affords  the  quickest,  most  positive  identification  of 
the  subject.  The  magnifications  are  in  the  ratio  1:2:3  and  represent  the  apparent 
image  sixes  provided  by  three  fiberscope-objective-lens  systems  scaled  up 
in  that  ratio  but  all  viewed  through  the  same  eyepiece.  A  different  choice 
of  relative  eyepiece  magnifications  could  yield  images  of  the  same  angular 
sise  but  differing  in  the  restrictions  on  the  observer's  head  movements. 

3.1.5  Coherent  vs.  Incoherent  Btindles 

The  distinguishing  feature  of  the  incoherent  fiber  bundle,  or  light  pipe,  is 
the  ability  to  transmit  color  and  intensity  information  in  cases  where  shape 
information  is  not  necessary,  and  to  do  so  at  a  fraction  of  the  component 
cost  compared  with  its  image-bearing  counterpart,  the  fiberscope. 

In  detection  applications,  its  intended  use  is  therefore  the  transmission  of 
scrambled  light  patterns  where  the  only  item  of  concern  is  whether  or  not 
light  is  present  in  a  given  color,  intensity,  or  motion  pattern  in  a  remote 
area  under  surveillance.  In  the  realm  of  aerospace  hazard  detection,  the 
light  pipe  is  ideally  suited  to  the  visual  monitoring  of  accidental  fires  whose 
color  and  flicker  characteristics  are  so  singular  as  to  permit  recognition 
without  the  need  of  shape  information. 

In  the  case  where  a  light  pipe  is  used  for  flame  recognition,  the  motion  of 
the  scrambled  image  resulting  from  flame  flicker  is  a  vital  ingredient  in  the 
recognition  process.  It  would  thus  be  meaningless  for  us  to  try  to  portray 
the  effect  through  the  use  of  still  photographs,  although  the  interested  reader 
can  provide  himself  quite  economically  with  a  small  light  pipe  and  lenses  in 
order  to  demonstrate  the  effect  to  his  own  satisfaction.  (Light  pipes  in  various 
configurations  are  listed  as  standard  products  by  American  Optical  Company, 
Southbridge,  Massachusetts,  and  other  fiber  optics  suppliers  can  very  likely 
make  them  to  order.) 

As  in  the  case  cf  a  fiberscope,  the  flame -detection  light  pipe  should  be  used 
with  an  objective  lens  to  form  an  image  on  its  input  face.  Although  light 
guides  will  accept  radiation  directly  from  a  luminous  source,  the  absence  of 
a  lens  yields  a  uniform  light  distribution  over  the  end  face,  and  the  pattern  of 
scintillating  spots  which  characterises  the  flame  wo\ild  not  be  seen. 
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A  feature  of  modern  commercial  light  pipes  is  that  the  degree  of  fiber  dis¬ 
order  varies  in  a  random  way  from  one  sample  to  another.  The  disorder 
does  not  result  from  a  methodical  scrambling  procedure  during  manufacture 
but  occurs  naturally  during  the  handling  process  prior  to  potting  of  the  end 
faces.  Shorter  fiber  bundles  are  characterised  by  lesser  degrees  of  disorder, 
so  that  entire  groups  of  fibers  are  interspersed  throughout  one  another,  rather 
than  individual  fibers. 

Our  laboratory  studies  have  indicated  that  the  observer's  attention  and  recogni¬ 
tion  are  greatly  abetted  when  the  degree  of  disorder  of  a  scrambled  flame  image 
is  the  highest  possible.  We  therefore  recommend  that  light  pipes  for  such  ap¬ 
plications  be  specified  with  a  high  degree  of  fiber  scrambling  and  that  the 
supplier  give  special  attention  to  this  feature  during  manufacture. 

The  flames  referred  to  in  this  disciission  are  reetricted  to  the  orange-yellow 
to  whitish-yellow  flickering  diffusion  flames  characteristic  of  ordinary  "fuel 
puddle"  fires  under  various  degrees  of  ventilation.  These  fires  might  result 
from  leaks  or  ruptures  in  lines  or  tanks  bearing  petroleum-derivative  fuels  or 
other  hydrocarbon  fluids  such  as  hydraulic  or  lubricating  oils.  Many  other 
types  of  accidental  fire  are  possible  in  aerospace  operations,  many  of  them  not 
being  highly  self-luminous  or  readily  visible.  These  would  include  certain 
exotic  fuel  flames,  hydrogen  flames,  hot  exhaust  gas  leaks  as  in  jet  engine 
afterburners,  premixed  hydrocarbon  flames,  and  even  certain  hydrocarbon 
diffusion  flames  at  high  altitudes  vdiere  they  are  known  to  lose  much  of  their 
incandescent  carbon  particle  emission  and  fade  to  a  pale  blue. 

Such  flames,  if  at  all  observable,  would  most  likely  require  the  picture-carry¬ 
ing  ability  of  a  fiberscope  for  recognition,  especially  if  the  background  or 
viewing  conditions  were  at  all  adverse.  In  the  case  of  an  invisible  flame,  it  is 
hardly  necessary  to  point  out  that  visual  observation  through  a  fiberscope  would 
serve  no  purpose,  it  being  a  general  guiding  principle  that  if  an  object  can  be 
detected  visually,  it  can  generally  be  seen  through  a  fiber  bundle  but  not  other¬ 
wise.  However,  in  Paragra|di  4.  6  on  image  tubes,  methods  of  expanding  the 
image  capabilities  of  fiber  bundles  are  discussed,  utilising  the  high  transmit¬ 
tance  of  glase  and  other  materials  in  the  infrared  spectrum. 

3.1.6  Color  Distortion  in  Fiber  Bundles 

Figures  22  through  24  indicate  the  loss  of  image  brightness  which  makes  it 
difficult  to  recognise  objecte  through  long  fiberscopes.  The  figures  also 
show  the  distortion  of  the  natural  colors  of  objects  due  to  the  inherent  color 
in  most  glasses  which  becomes  noticeable  in  great  lengths. 

Where  shape  recogdition  is  the  principle  function  provided  by  a  fiberscope, 
color  distortion  becomes  a  matter  of  secondary  concern.  Howover,  the  color 
of  an  object  is  often  an  important  aid  to  recognition,  as  in  the  perception  of  a 
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flame  or  of  an  overheated  aurface.  In  the  latter  caae,  the  incandescent 
color  of  the  surface  as  seen  directly  would  provide  the  obserrer  with  some 
intuitive  knowledge  of  the  surface  temperature;  if  the  color  is  distorted  in 
passing  through  a  long  fiberscope,  the  observer  may  lose  his  ability  to 
judge  the  actual  color  and  the  level  of  surface  temperature  in  order  to 
decide  whether  he  is  viewing  a  normal,  an  abnormal,  or  a  highly  abnormal 
temperature  condition. 

In  flame  perception  through  fiberscopes,  some  color  distortion  can  be 
tolerated  because  the  shape  and  flicker  information  alone  are  sufficient 
for  recognition.  In  light  pipes,  however,  where  color  and  motion  are  the 
essential  clues  in  flame  recognition,  a  scintillating  pattern  of  greenish- 
yellow  dots  would  provide  much  less  convincing  evidence  of  a  flame  than 
would  the  more  familiar  orange-yellow  dots. 

It  is  difficult  to  be  specific  about  the  amount  of  color  distortion  which  can 
be  tolerated  in  a  given  situation.  A  tolerance  might  be  established  in  terms 
of  whether  it  does  or  does  not  (statistically)  prevent  an  observer  from  identi¬ 
fying  a  given  object  or  condition;  however,  the  tolerance  depends  upon  so 
many  parameters  of  the  viewing  situation  that  an  attempt  to  put  it  on  a 
quantitative  foundation  is  outside  of  the  scope  of  this  study.  In  general, 
however,  it  may  be  stated  that  a  given  amount  of  color  distortion  becomes 
increasingly  less  objectionable  as  the  number  of  familiar  objects  increases 
in  the  object  field,  for  then  the  eye  becomes  less  dependent  upon  the  per¬ 
ceived  color  of  an  object  as  an  aid  to  identification.  Moreover,  the  ability 
of  the  eye  to  compensate  for  color  distortions  in  familiar  scenes  would  tend 
to  suppress  the  apparent  distortion  greatly. 

Because  color  distortions  are  perceived  differently  by  the  eye  than  by  color 
photographic  processes,  they  are  difficult  to  depict  photographically  as  the 
eye  would  see  them.  To  some  extent  this  is  true  in  Figures  22  through  24, 
in  which  each  sequence  of  photographs  does  not  appear  to  become  as  progres¬ 
sively  green  as  the  original  scenes  did  when  viewed  directly  in  the  laboratory. 
However,  a  distinction  must  be  introduced  here  between  what  the  eye  sees 
and  what  the  mind  perceives ,  for  the  two  do  not  always  coincide.  An  individual 
may  be  wearing  yellow  sunglasses  and  still  recognise  a  white  sheet  of  paper 
as  being  white.  If  queried  on  this,  he  may  admit  that  the  paper  "looks"  yellow 
but  that  he  "knows"  that  it  is  white,  although  he  may  never  have  seen  that 
particular  sheet  before.  He  is  able  to  make  this  identification  because  of  the 
presence  of  familii  r  objects  in  the  scene,  his  color-memory  of  these  objects 
serving  to  establish  a  new  color  reference  scale  which  undoes  the  effects  of 
the  yellow  sunglasses.  However,  he  would  not  be  able  to  make  a  correct 
color  identification  if  the  same  sheet  of  paper  were  the  only  illuminated  ob¬ 
ject  in  his  field  of  view  and  if  he  had  no  knowledge  of  what  colored  sunglasses 
he  was  wearing. 
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Returning  to  Figuree  22  through  24,  it  ii  probebly  more  correct  to  eay  that 
each  sequence  of  images  appears  as  the  mind  would  perceive  it,  rather  than 
as  the  eye  would  see  it,  because  far  sn  unknown  reason  in  the  rendering  of 
the  color  prints  from  the  original  transparencies,  an  unanticipated  degree 
of  color  compensation  appeared  in  each  sequence. 

The  same  is  true  of  Figure  31  which  compares  the  direct  and  indirect 
views  of  the  color  test  chart  appearing  in  the  1960  edition  of  the  Eastman 
Kodak  Color  Dataguide.  The  lower  photograph  was  made  through  a  25-foot 
length  of  multifiberscope,  comprising  two  12-1/2  foot  sections  with  their  end 
faces  held  together  mechanically,  as  shown  in  Figure  32.  The  reduced 
brightness  of  the  fiberscope  image  was  compensated  for  somewhat  during 
the  photographic  exposure  in  order  to  suppress  the  brightness  difference 
and  to  allow  a  better  evaluation  of  the  chromaticity  change.  The  lower  photo¬ 
graph  therefore  conforms  more  closely  to  the  psychologically-perceived 
image  after  a  "mental"  brightness  correction  has  been  made. 

The  reader  will  have  little  difficulty  in  recognising  the  progression  of  colors 
in  the  test  photograph  and  in  agreeing  that  they  appear  to  represent  the  same 
sequence  as  in  the  control  photograph.  This  is  largely  because  of  his  sub¬ 
conscious  awareness  that  the  color  reference  background  in  both  cases  is 
supposed  to  "look"  white,  and  as  his  mind  links  the  reference  colors  together, 
the  color  test  strips  appear  more  nearly  to  match.  The  reader  can  perform 
a  simple  test  which  will  eliminate  the  effect  of  this  psychological  "bias"  and 
which  will  allow  an  objective  evaluation  of  the  color  change;  he  need  only  mask 
off  all  but  the  yellow  rectangles  in  both  photographs,  preferably  by  cutting 
slots  in  a  sheet  of  white  or  yellow  paper,  in  order  to  perceive  more  nearly 
the  actual  color  difference. 

To  summarise,  the  visual  perception  mechanism  can  acconunodate  rather 
wide  color  distortions  provided  that  the  scene  contains  elements  which  are 
recognisable  throu|^  features  other  than  color,  but  in  the  absence  of  other 
clues,  the  observer's  recognition  depends  much  more  strongly  upon  an  ac¬ 
curate  color  rendition  of  the  object  being  viewed.  As  applied  to  ^e  aerospace 
problem,  this  means  that  the  color  distortion  arising  in  a  given  length  of  fiber 
bundle  would  be  less  disruptive  in  the  case  of  a  fiberscope  image  of  a  well 
lighted  scene  containing  familiar  objects  than  it  would  in  the  case  of  a  scrambled 
flame  image  transmitted  by  a  ll^t  pipe. 

From  line-transmittance  measurements  made  earlier  on  F  2/R-6  ffbers 
(see  Paragraph  3. 1. 1),  computations  havs  bsen  mads  in  ordsr  to  determine 
quantitatively  the  extent  of  color  distortion  imposed  upon  vniious  blackbody 
color  temperature*  by  selected  lengths  of  fiber  bundles.  Length  values  were 
extrapolated  to  6-1/4,  12-1/2,  25,  50  and  100  feet.  The  results  are  shown  in 
Fifurss  33  through  37  where  they  are  plotted  in  the  C.I.E.  (Commission 
Internationale  de  l'£clairage)  chromaticity  diagram.  (See  ttondbook  of 
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Colorimetry,  prepared  by  the  M.  1.  T.  Color  Measurement  Laboratory 
under  the  direction  of  A.  C.  Hardy,  The  Technology  Press,  Massachusetts 
Institute  of  Technology,  1936.  or  any  standard  text  on  colorimetry. ) 

Each  point  within  the  horseshoe-shaped  figure  represents  the  chromaticity 
of  some  visible  color,  th&k  is,  the  hue  and  saturation  aspects  without  regard 
for  brightness.  The  locations  of  pure  spectral  colors  are  designated  at  the 
periphery  by  their  wavelengths  in  millimicrons.  The  solid  curve  contained 
within  each  figure  shows  the  continuum  of  "trichromatic  coefficients"  or 
chromaticity  coordinates  corresponding  to  blackbody  color  temperatures 
from  1000*  K  to  infinity,  with  the  corresponding  temperatures  being  indicated 
at  intervals. 

Each  figure  shows  the  chromaticity  shifts  for  several  color  temperatures 
for  a  given  fiber  bundle  length.  The  shifts  are  seen  to  be  in  the  direction 
of  the  yellow-green  portion  of  the  spectral  locus  and  are  greater  as  the 
bundle  length  is  increased;  this  is  in  accord  with  the  known  color  of  F  2/R-6 
fibers. 

Of  the  many  colors  whose  shifts  might  have  been  the  subject  of  this  study, 
the  blackbody  colors  are  the  most  interesting,  for  they  typify  the  colors 
arising  in  many  aerospace  hazard  situations  involving  incandescent  surfaces 
and  flames.  The  observed  color  of  each  of  these  emitters  can  generally 
be  approximated  by  the  color  of  a  blackbody  source  at  a  given  temperature 
and  plotted  on  the  C.  I.  E.  diagram.  The  approximate  color  temperatures 
of  various  standard  light  sources,  practical  light  sources,  and  familiar 
surfaces  are  given  in  Table  4. 

SOURCE  APPROXIMATE  COLOR  TEMPERATURE.  *  K. 


Incipient  red  heat 

770  -  820 

Dark  red  heat 

920  -  1020 

Bright  red  heat 

1120  -  1220 

Orange  heat 

1320  -  1420 

Yellow  heat,  including  many 
hydrocarbon  diffusion  flames 

1400  -  2000 

Standard  British  candle 

1930 

Freezing  point  of  platinum 

2042 

Tungsten  lamps 

2500  -  3200 

Photoflood  lamp 

3400 

Carbon  arc 

4000  -  5000 

Cloudy  sky 

6500 

Hazy  sky 

9000 

Average  blue  sky 

12,000  -  18,000 

Clear  blue  sky 

25,000 

Table  4.  Color  temperatures  of  various  light  sources. 
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The  color  dittortioas  introduced  by  fiber  bundles  can  be  corrected  to  some 
extent  but  only  at  the  expense  of  image  brightness.  The  correction  is 
achieved  by  introducing  an  appropriate  optical  absorption  filter  anywhere 
in  the  image  path.  There  is  a  variety  of  colored  filter  materials  available 
from  several  sources,  including  glass  filters  and  gelatin  filters.  Although 
methods  are  available  for  calculating  the  precise  color  filter  needed  in  a 
given  situation,  it  is  much  more  convenient  and  q^te  satisfactory  to  make 
the  selection  empirically,  using  several  observers  to  Judge,  in  the  laboratory, 
when  a  given  fiber  bundle  has  been  satisfactorily  color  corrected. 

3.1.7  Viewing  Conditions 

The  principal  viewing  condition  which  can  affect  the  perception  of  a  fiber- 
scope  image  is  the  ambient  light  level  at  the  viewing  end.  The  ideal  viewing 
situation  would  be  a  darkened  enclosure,  especially  in  the  case  of  longer 
fiber  bundles  or  less  intense  images. 

A  high  ambient  light  level  can  affect  image  perception  in  two  ways.  First, 
it  implies  the  presence  of  bright  surfaces  in  the  observer's  field  of  view, 
and  these  tend  to  compete  with  the  image  brightness  and  to  lessen  the 
observer's  dark  adaptation.  Secondly,  any  ambient  light  which  is  able  to 
reach  the  viewing  end  face  of  the  bundle  will  be  partly  reflected  and  scat¬ 
tered  by  it,  thereby  Illuminating  the  shadow  areas  and  diluting  the  image. 

Extreme  cases  of  "image  washout"  are  shown  in  Figure  38  which  was  pre¬ 
pared  by  illuminating  a  fiberscope  end  face  at  various  levels  as  the  image 
was  being  photographed.  The  highest  ambient  light  level  shown  corresponds 
to  the  case  of  direct  sunlight  falling  on  the  fiberscope  end  face.  The  object 
field  was  moderately  illuminated  with  photoflood  lamps  and  the  image  was 
slif^tly  attenuated  in  traversing  the  three-foot  fiberscope.  With  longer 
fiberscopes  or  lower  scene  brightnesses,  the  washout  effect  would  be  even 
more  objectionable. 

Fortunately,  most  ordinary  fiber  bundle  viewing  conditions  do  not  involve 
especially  adverse  ambient  light  levels.  In  cases  where  they  do,  the  re¬ 
commended  remedy  would  be  the  use  of  an  appropriate  eye  shield,  such  as 
a  viewing  hood  or  a  molded  rubber  eyeguard  or  face-adapter. 

3.1.8  Fused  vs.  Potted  End  Faces 


Paragraph  3.1.2  discussed  the  desirability  of  a  hi|^  area  factor  in  order  to 
provide  maximum  utilisation  of  the  fiber  bundle  cross  section.  It  is  apparent, 
from  a  comparison  of  Figures  la  and  lb,  that  a  substantially  hif^er  area  factor 
would  be  provided  by  a  fiber  bundle  with  fused  end  faces  so  that  the  interstitial 
areas  would  be  minimal. 


Aa  mentioned  earlier,  manufacturing  difficulties  have  thua  far  delayed  the 
commercial  availability  of  flexible  fiber  bundles  with  fused  end  faces.  A 
particular  difficulty  is  the  brittleness  of  the  transition  zone  Just  between  the 
fused  mass  at  the  bundle  end  and  the  free  fibers.  However,  various  strain- 
relief  methods  are  being  perfected  by  at  least  one  manufacturer,  and  fused- 
end  fiberscopes  should  become  available  in  the  near  future. 

3.  1.  9  Exit  Angle 

XKe  radiation  patterns  of  Figures  9  and  10  demonstrate  that  some  distortion 
occurs  in  the  geometry  of  the  light  rays  which  traverse  a  fiber.  The  cases 
illustrated  are  for  straight  fibers,  the  distortions  being  more  severe  and 
less  symmetrical  for  curved  ones.  Moreover,  these  figures  show  the 
average  effect  of  100  fibers,  and  the  results  of  individual  fiber  defects  are 
not  apparent. 

As  the  eye  views  a  fiber  bundle  image  in  which. the  individual  fibers  are 
resolvable,  the  effects  of  individual  fiber  defects  become  noticeable.  Such 
defects  are  not  fully  understood,  but  they  have  the  effect  of  deflecting  the 
exit  cones  of  light  away  from  the  fiber  axes  in  a  random  way  so  that  the  image 
may  appear  mottled.  The  mottling  is  especially  noticeable  at  steeper  viewing 
angles,  and  it  also  increases  as  the  numerical  aperture  of  the  objective  lens 
is  decreased. 

Figure  39  illustrates  the  increase  in  mottling  which  is  observed  as  the  ob¬ 
jective  lens  diaphragm  is  '  stopped  down”.  Figure  40  shows  the  combined 
effects  of  both  lens  diaphragm  and  viewing  angle.  The  left-hand  column  of 
figures  shows  the  progression  of  mottling  as  seen  on-axis  with  objective 
lens  aperture  ratios  of  f/1.  S,  f/2,  and  f/8.  The  20*  off-axis  viewing  situa¬ 
tion,  shown  in  the  right-hand  photographs,  is  much  more  sensitive  to  a  nar¬ 
rowing  of  the  incident  cone;  although  aperture  ratios  of  f/1.  5  and  f/2  do  not 
pose  a  problem,  a  reduction  to  f/2.  8  greatly  limits  the  amoiuit  of  light 
available  at  20*  and  accentuates  the  differences  among  fibers. 

As  stated,  the  origin  of  the  fiber  differences  is  not  known,  but  speculations 
as  to  their  identities  have  included  the  internal  fiber  defects  discussed  earlier 
as  well  as  possible  end-face  chips  or  fractures  incurred  during  grinding  and 
polishing,  leading  to  prismatic  surfaces  which  deflect  the  emergent  light 
noticeably  off  axis.  It  is  known  that  conventional  glass  polishing  techniques 
do  not  produce  as  satisfactory  a  finish  on  potted  fiber  end  faces  as  they  do  on 
glass.  The  reason  is  that  the  difference  in  the  relative  hardnesses  of  the 
fibers  and  of  the  material  in  which  they  are  embedded  exerts  a  disruptive  in¬ 
fluence  upon  the  polishing  mechanism,  particularly  with  regard  to  relative 
removal-rates  of  the  materials  and  the  embedding  of  abrasive  particles  with¬ 
in  the  softer  material. 


45 


3.  1.  10  Non-gla«»  Fiberi 


The  subject  matter  of  this  report  is  concerned  with  optical  fibers  made  of 
the  ordinary  glass  materials.  Although  many  plastic  and  other  glassy  mate¬ 
rials  in  fiber  form  are  suitable  for  conducting  radiation,  conventional  glass 
fibers  constitute  the  bulk  of  modern,  commercial  fiber  bundle  materials. 

The  almost  exclusive  use  of  glass  is  a  situation  which  has  evolved  after  many 
years  of  patient  investigation  by  the  fiber  manufacturers  concerning  the  prop¬ 
erties  of  other  candidate  materials.  Several  plastic  materials  have  been 
studied  and  are  suitable  for  certain  short-length  applications;  however,  (1) 
they  do  not  have  high  enough  refractive  indexes  to  allow  them  to  be  clad  with 
a  material  of  a  low  index;  (2)  they  do  not  offer  as  high  a  line-transmittance 
as  many  glasses;  and  (3)  plastic  fibers  cannot  be  made  with  walls  as  smooth 
as  can  be  provided  by  glass,  it  being  recalled  that  wall  defects  have  an  ad¬ 
verse  effect  on  the  multiple  internal  reflection  process.  Several  of  the 
references  authored  by  Potter  describe  the  properties  of  plastic  fibers  used 
as  scintillators  in  high- energy-radiation  studies.  A  particularly  applicable 
paper  is  Potter,  R.  J.  ,  Absorption  measurements  on  a  plastic  scintillator. 
Rev.  Sci.  Instr.  286-288  (March,  1961). 

Fused  quarts  has  also  been  considered  for  optical  fiber  use  and  it  offers 
the  advantage  of  a  much  broader  spectral  transmission  band  than  those  of 
most  glasses.  However,  its  low  refractive  index  of  1.  S4  makes  it  difficult 
to  find  a  suitable  cladding  material  which  is  physically  compatible  with  it, 
and  it  is  therefore  not  recommended  for  use  in  applications  requiring  lengths 
greater  than  a  few  feet. 

For  special  problems  requiring  the  transmission  of  infrared  radiation,  a 
newly- investigated  glasslike  material  has  shown  interesting  properties.  The 
material  is  arsenic  trisulfide,  which  lends  itself  to  fabrication  in  fiber  form 
and  has  a  high  enough  refractive  index  to  be  readily  clad.  Arsenic  trisulfide 
fibers  are  described  in  References  30,  51,  75,  and  109. 

Other  materials  are  discussed  in  Reference  105,  including  certain  exotic 
glasses  and  standard  crystalline  materials  but,  as  observed  by  the  author, 
they  have  not  lent  themselves  to  successful  fiber  manufacture  and  their  uses 
are  limited  to  highly  specialised  applications. 

3.1.11  Sunamary  of  Optical  Properties 

The  data  and  comments  offered  in  the  foregoing  paragraphs  are  intended  as 
a  general  guide  to  the  selection  of  a  fiber  bundle  design  for  each  specific 
application  or  as  a  guide  to  the  evaluation  of  a  given  bundle  design  in  terms 
of  its  optical  performance.  However,  there  is  not  always  a  precise  answer 
to  the  question  of  whether  a  given  bundle  will  or  will  not  perform  satisfactorily 
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in  a  given  eituation.  For  each  fiber  bundle,  there  ie  a  realm  of  viaual  eitua- 
tione  with  which  it  can  definitely  cope,  and  another  one  with  which  it  cannot. 
Between  the  two  realme  ie  a  vast,  nebulous  one  ediere  the  ability  of  the  bundle 
to  transmit  useful  visual  information  depends  upon  several  factors  external  to 
the  bundle  itself  such  as  the  viewing  conditions,  the  acuity  and  attitude  of  the 
observer,  and  subtle  features  of  the  s«ene  being  viewed. 

Consequently,  only  general  suggestions  can  be  offered  as  to  the  performance 
capabilities  of  a  given  bundle  or  the  choice  of  bundle  design  to  meet  a  given 
situation. 

With  regard  to  image  brightness  versus  length,  it  may  be  stated  that  fiber - 
scopes  in  lengths  up  to  about  25  feet  would  be  useful  in  transmitting 
recognisable  images  of  non-self-luminous  objects  which  would  ordinarily 
be  visible  upon  direct  observation.  As  shown  in  Figure  19,  the  transmit¬ 
tance  of  such  fiberswqpsais  about  15%  in  the  yellow-green  region  (or  approxi¬ 
mately  that  of  a  pair  of  ordinary  sunglasses),  and  the  corresponding  bright¬ 
ness  reduction  is  in  many  cases  well  within  the  capability  of  the  eye  to  accom¬ 
modate  with  little  loss  of  visual  acuity.  (It  should  be  noted  that  the  apprebi- 
mately  logarithmic  response  of  the  eye  to  brightness  changes  is  responsible 
for  the  fact  that  a  surface  with  only  a  twenty  percent  reflectance  appears  to 
be  mid-grey,  or  about  half  way  between  white  and  black.  See  Ref.  130. ) 
Obviously,  if  the  object  scene  is  brightly  illuminated,  or  if  the  demand 
upon  visual  recognition  is  not  as  high,  much  greater  fiberscope  lengths  may 
be  used.  Experiments  here  have  shown  that  under  good  viewing  conditions 
and  with  a  large  field  of  view  available,  the  eye  can  recognise  room  objects 
as  viewed  casually  through  a  neutral  density  filter  transmitting  only  three 
percent.  If  the  eye  is  shielded  from  room  light,  that  figure  may  be  reduced 
to  about  one  percent.  Moreover,  a  self-luminous  object  such  as  a  candle 
flame  is  clearly  recognisable  when  seen  through  a  filter  transmitting  0. 1% 
under  room  light  conditions  or  as  low  as  0.  01%  when  the  eye  is  shielded. 

The  latter  statement  has  a  bearing  upon  the  upper  length  limit  on  fiberscopes 
and  light  pipes  <;sed  for  flame  recognition.  As  shown  in  Figure  19,  a  100-foot 
fiber  bundle  made  under  current  techniques  is  predicted  to  transmit  a  sub¬ 
stantial  fraction  of  a  percent  in  the  yellow-green  region.  Again,  the  logarith¬ 
mic  response  of  the  eye  should  make  it  highly  possible  to  recognise  a  yellow 
diffusion  flame  through  such  lengths,  especially  under  favorable  viewing  con¬ 
ditions. 

With  regard  to  light  pipes  only,  their  recommended  use  is  confined  to  appli¬ 
cations  requiring  the  recognition  of  yellow  flickering  flames  in  darkened  or 
moderately  lighted  compartments,  where  their  characteristic  scintillating, 
scrambled  patterns  offer  a  high  degree  of  conviction  that  a  flame  is  being 
observed.  Moreover,  light  pipes  may  be  used  in  great  lengths  for  such 
purposes,  up  to  100  feet  or  so,  and  in  cases  where  (1)  it  is  possible  to  afford 
a  high  degree  of  eyepice  magnification  and  where  (2)  a  high  degree  of  back- 


47 


ground  light  is  not  present,  appreciable  flame  recognition  is  afforded  by 
only  a  very  few  fibers.  Experiments  conducted  here  oa  the  perceptibility 
of  scrambled  flame  images  transmitted  by  20  or  30  two-mil  fibers  have 
been  very  encouraging  regarding  the  possible  use  of  very  narrow  light  pipes 
for  flame  verification.  It  is  very  inviting  to  contemplate  the  use  of  a  flame- 
detection  light  pipe  housed  in  a  protective  jacket  of  only  0.  100"  O.  D.  and 
appearing  no  larger  than  an  electrical  lead  wire,  as  were  the  ones  which  we 
tested. 

It  should  also  be  possible  for  light  pipes  to  transmit  images  of  fairly  bright 
incandescent  surfaces  in  lengths  up  to  25  feet  where  the  detection  of  extreme 
overheat  conditions  is  necessary. 

As  a  tentative  gmde  to  the  optical  performance  capabilities  of  fiber  bundles 
in  various  configurations,  we  offer  the  following  table  which  correlates  fiber 
bundle  configurations  with  typical  object  scenes  for  which  they  might  be  used. 


FIBER  BUNDLE  CONFIGURATION 

Monofilament  or  multifiberscope 
transmitting  1  million  to  100,000 
image  points,  in  lengths  to  25  feet. 

Same,  in  lengths  to  50  feet. 


Same,  in  lengths  to  100  feet 


Same,  but  transmitting  only 
100,  000  to  10,  000  image 
points . 


Monofilament  light  pipes,  10,000 
to  lf)00  fibers,  in  lenglhs  to 
50  feet. 


Same,  in  lengths  to  100  feet. 


IMAGE  TO  BE  TRANSMITTED 

Highly  detailed  image  of  engine 
parts  or  ordinary  scenes  requir¬ 
ing  high  degree  of  recognition 
similar  to  direct  view. 

Same,  but  requiring  less  recog¬ 
nition  of  fine  detail  or  involving 
brightly  illuminated  scene. 

Same,  but  involving  recognition 
of  self-luminous  objects,  such 
as  flames. 

Same  as  above  sequence  but  re¬ 
quiring  recognition  of  coarse 
detail  only,  such  as  flames, 
incandescent  surfaces,  smoke 
clouds  arising  from  oil  leaks,  etc. 

Yellow-flame  or  very  hot  surface 
recognition  in  compartments  with 
moderate  background  lighting,  re¬ 
quiring  broad  angular  coverage. 

Large,  violent  flames  in  darkened 
compartments,  with  good  viewing 
conditions . 
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Same,  but  1,000  to  10  fibers 


Same  as  above  sequences  but 
with  color -correcting  filters. 


Same,  but  with  less  angular 
coverage  required. 

Same  as  above,  but  where  color- 
compensation  is  necessary,  with 
the  sacrifice  of  image  brightness 


Table  5.  Typical  applications  of  variaus  fiber  bundle  configurations. 


The  above  correlations  were  estinnated  on  the  basis  of  monofilaments  or 
multifibers  in  two  to  three  mil  diameters  and  assume  moderate  eyepiece 
magnification  (5  to  lOX;  see  Paragraph  4. 1. 1)  and  average  viewing  condi¬ 
tions  with  regard  to  cockpit  lighting  and  viewing  arrangement.  They  assiune 
fiber  transmittances  as  afforded  by  current  manufacttiring  techniques  and 
that  the  fiber  bundles  are  formed  in  continuous  lengths  or  with  a  very  few 
optical  couplings  (see  Paragra;^  4.  4).  Variations  in  any  of  the  above  con¬ 
ditions  will  alter  the  applications  appropriately. 

3.  2  Mechanical  Properties 

A  question  of  great  importance  to  the  possible  aerospace  use  of  glass  fibers 
concerns  their  ability  to  survive  in  adverse  mechanical  environments.  One 
does  not  ordinarily  think  of  glass  as  being  a  durable  material  under  extremes 
of  shock  or  vibration;  however,  if  one  examines  the  physical  texture  of  a 
skein  of  two  mil  glass  fibers,  for  example,  he  will  find  them  to  be  extremely 
soft  and  flexible,  suggesting  a  very  good  possibility  of  sufficient  compliance 
under  mechanical  stress  as  to  be  quite  durable. 

Supplementing  the  tests  on  individual  fibers  described  in  Paragraph  2.  2,  we 
have  performed  mechanical  tests  on  fiber  bundles  in  order  to  determine  the 
severity  of  the  environments  which  they  might  withstand  in  appropriate 
jacketing  materials.  The  tests  were  concerned  primarily  with  the  possible 
effects  of  vibration,  for  this  is  regarded  as  the  greatest  single  threat  to 
fiber  integrity  once  the  bundle  is  installed.  There  was  reduced  emphasis 
on  testing  of  jacketed  fibers  for  resistance  to  compression,  impact,  and 
flexural  influences,  for  it  is  felt  that  these  are  suffered  largely  during  in¬ 
stallation  and  can  be  held  to  a  minimum  with  normal  care. 

The  most  important  finding  of  these  tests  was  that  suitably  jacketed  fibers  in 
the  diameter  range  of  one  to  two  mils  are  extremely  durable  with  regard  to 
the  applicable  portions  of  vibration  evaluations  specified  in  MIL-E-5272C 
and  FAA  TSO  Cl  1C  and  to  more  extreme  vibration  tests  designed  here  in 
attempts  to  test  the  fibers  to  destruction.  With  the  exception  of  a  single 
occurrence  involving  a  sample  with  a  possible  inclusion  of  a  metallic  frag¬ 
ment,  all  samples  survived  all  vibration  tests  with  only  minor  fiber  damage; 
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more  generally,  the  testing  was  halted  when  the  jacketing  material  itself 
ruptured,  which  generally  occurred  at  a  supporting  fixture  as  might  be 
expected. 

In  general,  it  was  found  that  fibers  laid  loosely  in  Teflon-lined  braided 
shielding  conduit  or  in  stainless  steel  or  aluminum  tubing  enjoyed  ample 
protection,  and  more  so  when  further  protected  with  vinyl  "spaghetti"  be¬ 
fore  mounting  within  the  jackets. 

3.2.1  Tensile  Strength 

As  a  corollary  to  the  tensile  strength  measurements  on  single  fibers,  similar 
tests  were  performed  on  unjacketed  bundles  of  fibers.  For  this  purpose, 
groups  of  loose  fibers  were  assembled  into  bundles  with  their  ends  potted 
into  brass  collars  with  epoxy  resin.  The  bundles  were  suspended  vertically 
by  the  upper  collar,  with  tension  being  applied  manually  to  the  lower  one  and 
being  measured  by  an  appropriate  scale. 

Although  it  was  expected  that  a  bundle  of  fibers  could  withstand  a  greater 
tensile  force  than  a  single  fiber,  preUminary  tests  showed  that,  in  lengths 
up  to  twelve  inches  at  least,  such  was  not  the  case.  It  was  soon  apparent 
that  minor  variations  in  fiber  length  between  the  potted  ends  resulted  in 
most  of  the  tensile  force  being  sustained  by  very  few  fibers  at  a  time, 
causing  the  fibers  to  rupture  gradtially  in  a  succession  of  small  groups. 

It  was  then  expected  that  fibers  greater  than  several  feet  in  length  would 
show  sufficient  elasticity  to  absorb  the  effects  of  small  length  variations 
without  breakage.  Assuming  an  elastic  modulus  of  9.  8  x  10^,  it  was  calcu¬ 
lated  that  a  six-foot  fiber  with  a  tensile  strength  of  only  SO,  000  psi  should 
be  able  to  stretch  by  as  much  as  0.  368"  when  subjected  to  its  breaking  load, 
allowing  the  possibility  that  minor  length  variations  would  be  "smoothed  out" 
in  bundles  of  greater  lengths. 

A  test  was  then  conducted  on  a  six-foot  long  bundle  containing  569  two-mil 
fibers,  as  determined  by  a  count  of  a  photographic  enlargement. 

¥rhen  the  tensile  force  reached  25  pounds,  rupture  of  the  fibers  began  to 
occur  at  various  points  as  indicated  by  the  onset  of  a  gradual  and  continu¬ 
ing  increase  in  the  bundle  length.  The  break  did  not  occur  abruptly  at 
any  one  point  along  the  bundle;  the  slowness  of  the  stretching  was  most 
likely  due  to  cohesive  forces  between  fiber  surfaces  which  added  some  sup¬ 
port  to  the  lower  end  even  though  many  fibers  had  broken.  The  lengthening 
of  the  bundle  continued  until  the  lower  end  reached  the  floor,  wheret^n 
the  test  was  halted  even  though  the  rupture  was  not  complete. 
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It  ia  difficult  to  evaluate  the  results  of  the  above  test,  for  it  is  not  known 
whether  all  fibers  in  the  bundle  broke  at  once  or  whether  the  rupture  was 
gradual  and  progressive  after  the  shortest  ones  broke;  it  is  the  latter  case 
which  we  suspect.  However,  assuming  the  former  situation  to  be  the  case, 
calculation  shows  that  a  25  lb.  breaking  force  on  569  two- mil  fibers  corre¬ 
sponds  to  a  tensile  strength  of  0.  0439  Ib/fiber  or  13,  980  psi.  It  will  be  re¬ 
called  that  tests  on  individual  two-mil  fibers  indicated  tensile  strengths  of 
88, 100  psi  (see  Table  1,  Paragraph  2.2.  1)  of  which  the  above  value  consti¬ 
tutes  only  about  19%.  This  contradiction  can  be  resolved  if  one  were  to 
assume,  reasonably,  that  at  the  onset  of  fiber  rupture  only  about  19%  of  the 
fibers  were  supporting  the  25  lb.  load  and  that  when  these  broke,  further 
deterioration  was  rapid  and  progressive. 

The  conclusion  is  that  even  a  six-foot  bundle  does  not  afford  enough  "stretch" 
to  level  out  the  non- uniformities  in  fiber  length,  although  it  is  a  considerable 
improvement  over  the  twelve-inch  bundles  which  were  effectively  no  stronger 
than  a  single  fiber. 

It  is  fully  expected  that  any  tensile  strength  limitations  on  bare  fiber  bundles 
will  not  be  a  problem  in  aerospace  applications.  The  tensile  strengths  of  the 
recommended  jacketing  materials  will  allow  sufficient  protection  to  the  fibers 
during  ordinary  handling.  In  the  case  of  jacketed  fibers  supported  at  their 
ends  only  and  subjected  to  severe  axial  accelerating  forces,  it  was  pointed 
out  earlier  that  typical  fibers  can  support  themselves  in  lengths  of  many 
thousands  of  feet  under  axial  forces  corresponding  to  several  ^'s. 

3.2.2  Vibration  Resistance 

Vibration  evaluations  were  performed  here  on  fiber  bundles  in  various  jacket¬ 
ing  configurations,  using  Ling  Sine-O-Matic  equipment  (Model  CP5/6  with  a 
1500  pound  force  output  and  with  an  A175  Shaker  rated  at  68  g's  at  4000  cps 
for  the  bare  table).  The  test  criteria  were  the  relative  number  of  fibers 
surviving  each  test,  as  indicated  by  a  visual  inspection  or  by  actual  co\mt  of 
a  photographic  enlargement  of  the  end  face,  with  the  other  end  face  being 
uniformly  illuminated. 

The  first  tests  were  performed  on  4-inch  diameter  bundles  in  two  types  of 
9/16"  diameter  braided  conduit,  one  being  "Dash  8"  Titeflex  lined  with  a 
Teflon  sleeve,  the  other  being  S-143  Braided  Shielding  Conduit  with  a  metallic 
bellows  interior  surface.  The  two-mil  fibers  were  laid  loosely  within  these 
containers,  with  the  ends  potted  in  place  and  ground  and  polished  to  allow 
visual  inspection  of  the  number  of  intact  fibers  at  the  beginning  and  end  of 
each  test. 

The  jacketed  bundles  were  59"  long,  each  containing  several  thousand  fibers. 
A  17"  span  in  the  center  of  each  bundle  was  subjected  to  vibration,  the  ends 
of  the  span  being  clamped  to  the  shaker  table.  The  extreme  ends  of  each 


bundle  were  variously  grounded  to  the  shaker  frame,  suspended  from  over¬ 
head  supports,  or  clamped  to  the  shaker  table. 

The  equipment  and  a  test  arrangement  are  depicted  in  Figure  41.  In  this 
case,  the  bundle  ends  are  seen  to  be  supported  from  overhead. 

Vibration  vas  conducted  in  two  transverse  planes  for  one  set  of  tests  and 
confined  to  one  plane  thereafter  because  of  the  rotational  symmetry  of  the 
bundles.  The  testing  schedule  was  based  largely  on  Vibration  Procedures  II 
and  XII  of  MIL-E-5272C,  with  the  exception  that  the  tests  were  conducted  at 
room  temperature  only  and  that  vibration  was  confined  to  one  plane  after  the 
first  series.  The  tests  included  extended  exposures  to  vibration  at  the 
resonant  frequency  using  0.  060"  displacements. 

The  results  of  these  tests  appear  in  Table  6,  the  fiber  survival  data  being 
based  upon  visual  estimates. 


PERCENTAGE  OF  FIBERS  SURVIVING 
In  -8  Titeflex  In  S-143 

Teflon  Braided  Braided  Shielding 
VIBRATION  TEST  &  REMARKS  Conduit  Conduit 


1.  Resonant  search,  5  to  500  cps 
0.036"  D.  A.  or  lOG,  bundle 
ends  suspended  from  ceiling 
supports 

2.  Cycling,  15  to  500  to  15  cps 
in  9.  55  min. ,  4  cycles, 

0.036"  D.A.  or  lOG 


100% 


100% 

(Ends  tied 
to  frame) 


100% 


100% 

(Ends  suspended) 


3.  Cycling,  5  to  15  to  5  cps  in 
5.45  min.  ,  4  cycles,  0.08" 
D.A. 


100%  100% 
(Ends  tied  (Ends  suspended) 

to  frame) 


4.  Endurance,  30  min.  ,  at  100% 

resonance,  0. 036"  D.A. , 

ends  suspended  in  test  4 
through  10 

5.  Repeat  2  cycling  six  times  100% 


100% 


100% 


6.  Repeat  3  cycling  six  times 


100% 


100% 


(Next  four  tests  conducted  in  other  traamresee  plaae) 
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(continued) 


7. 

Repeat  1 

100% 

not  tested 

8. 

Repeat  2  cycling  ten  times 

100% 

not  tested 

9. 

Repeat  3  cycling  ten  times 

100% 

not  tested 

10. 

Repeat  4 

100% 

not  tested 

11. 

Ends  clamped  to  table  frame, 
repeat  all  tests  above  but  in 
one  plane  only 

100% 

not  tested 

12. 

Repeat  1 1  but  with  ends  clamped 
to  shaker  table 

100% 

not  tested 

13. 

Four  hours  at  resonance, 

0.060"  D.  A.  (20G) 

100% 

approximately 

30% 

14. 

Repeat  1 3 

not  tested 

approximately 

10% 

15. 

Repeat  14 

not  tested 

approximately 

1% 

Table  6.  Vibration  test  results  on  two  fiber  bundles. 


The  results  shown  in  the  second  column  apply  to  a  possible  "freak"  bundle 
mentioned  earlier  which  may  have  contained  a  metallic  fragment  which 
severed  the  glass  fibers  under  prolonged  vibration.  A  subsequent  dissection 
and  examination  of  this  bundle  showed  that  all  fibers  ruptured  near  the  center 
of  the  test  span  where  the  amplitude  of  vibration  was  at  its  maximum.  A 
gray,  metallic  dust  accumulation  was  evident  in  this  area. 

The  encouraging  results  with  Teflon-lined  conduit,  indicated  in  the  first 
column  above,  suggested  a  further  examination  of  the  effects  of  bellows-lined 
conduit  on  glass  fibers  under  vibration.  Accordingly,  an  identical  bundle 
was  prepared  and  subjected  to  similar  vibration  tests,  with  the  unexpected 
result  that  no  fiber  deterioration  was  noticeable  visually.  The  tests  were 
continued  in  an  effort  to  establish  the  degree  of  vibration  exposure  which 
this  sample  would  endure.  The  significant  tests  conducted  were: 

MIL-E-5272C,  Procdure  U  (4  hours  at  resonance,  20G), 
repeated  for  a  total  of  20  hours. 
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FAA  TSO  CllCi  four  15-minute  cycles,  5-1000-5  cps, 
lOG,  and  one  hour  at  resonance  at 
lOG,  the  resonant  frequency  varying 
between  41  and  49  cps  throughout  the 
tests. 

At  the  end  of  these  tests,  a  visual  inspection  revealed  no  noticeable  damage 
to  the  fibers.  A  more  sensitive  photographic  comparison  method  was  in¬ 
voked,  involving  the  superposition  of  a  negative  of  the  bundle  end  face  before 
testing  upon  a  positive  photograph  of  the  same  end  face  after  testing.  This 
subtractive  process  results  in  an  optical  cancKllition  of  all  fibers  which  were 
intact  at  the  beginning  and  end  of  the  test  but  clearly  highlights  any  individual 
fibers  which  were  destroyed.  The  photographic  test  result  showed,  that  less 
than  a  few  dozen  of  the  original  several  thousand  fibers  were  severed. 

The  same  photographic  comparison  process  was  applied  to  the  Teflon-lined 
sample  referred  to  in  Table  6  and  revealed  no  broken  fibers.  A  second 
Teflon-lined  sample  was  then  prepared,  similar  to  the  first,  and  was  sub¬ 
jected  to  four  hours'  of  resonant  vibration  at  20  ^'s,  followed  by  four  15- 
minute  cycles  from  5  to  1000  to  5  cps  at  0.  036"  double  amplitude  or  10  ^'s 
and  finally  one  hour  of  resonant  vibi*ation  at  10  g's.  Again,  no  fiber  damage 
was  observed  under  a  visual  check. 

The  same  vibration  test  schedule  was  then  applied  to  a  third  sample  of  fibers 
jacketed  in  the  S-143  bellows-lined  Titeflex,  and  again  no  damage  was  noted 
visually. 

Another  sample  of  the  same  dimensions  but  in  a  rigid  stainless  steel  tube 
was  then  tested.  The  tubing  selected  was  Type  304,  1/8  hard,  with  a  3/8" 

O.  D.  and  a  0.  020"  wall  thickness.  The  same  tests  as  above  were  applied, 
with  no  evidence  of  fiber  damage  at  the  end  of  the  tests. 

All  samples  tested  to  this  point  had  been  compared  of  2-mil  fibers.  Two 
new  samples  were  then  prepared  using,  respectively,  1  mil  and  8-mil  fibers 
in  "Dash  8  "  Teflon-lined  Titeflex.  Each  sample  was  cycled  for  2^  hours 
from  5  to  500  to  5  cps  at  0.  036"  D.  A.  or  10  jg's;  this  was  followed  by  jt  hour 
at  resonance  at  10£'s  and  four  hours  at  20  g’a.  Finally,  each  sample  was 
subjected  to  four  15-minute  cycles  from  5  to  1000  to  5  cps  at  0.036"  D.  A.  or 
10  ^'s  and  a  one  hour  resonant  frequency  vibration  at  10  j['s.  At  the  end  of 
all  tests,  no  fiber  damage  was  evident. 

It  is  pointed  out  that  in  the  latter  tests,  the  photomicrograi^iic  comparison 
naethod  used  earlier  was  not  applied.  It  was  felt  that  the  possible  loss  of  a 
very  small  percentage  of  fibers  would  be  trivial  and  would  not  affect  the 
function  of  the  bundle,  and  the  visual  check  was  therefore  adopted  as  the  more 
valid  and  less  time-consuming  criterion. 
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In  the  early  stages  of  planning  these  tests,  it  had  been  expected  that  sub¬ 
stantial  damage  might  occur  to  fibers  laid  loosely  within  jackets  and  sub¬ 
jected  to  severe  vibration,  especially  in  the  case  of  the  eight-mil  fibers. 
Therefore,  plans  had  been  made  to  conduct  subsequent  tests  on  samples 
filled  with  viscous  damping  agents,  including  silicone  oils  and  various  gels, 
in  order  to  lessen  the  destructive  effects  of  vibration.  When  the  tests  on 
loose  fibers  revealed  no  observable  damage,  there  was  felt  to  be  no  need 
for  tests  using  damping  agents  and  these  were  subsequently  canceled. 

During  the  period  over  which  these  tests  were  being  performed,  consider¬ 
able  thought  was  being  given  to  the  question  of  a  bundle  jacketing  configura¬ 
tion  to  be  recommended  ultimately  for  general  aerospace  use.  The  test 
results  continued  to  verify  that  the  choice  of  a  loose  fiber  bundle  mounted 
within  braided  conduit  and  potted  at  the  ends  would  be  a  logical  one.  How¬ 
ever,  other  developments  during  the  general  effort  suggested  that  a  some¬ 
what  different  design  might  have  merit  with  regard  to  other  considerations, 
and  the  question  of  the  mechanical  durability  of  the  new  design  was  raised. 

Briefly,  the  new  jacketing  design  achieved  certain  simplifications  and  eco¬ 
nomies  in  the  assembly  process  and  also  provided  a  reliable  means  of  in¬ 
corporating  an  electrical  lead  wire  within  the  bundle  in  cases  where  a  test 
light  would  be  necessary  at  the  far  end.  (A  fuller  explanation  is  given  in 
Section  5  describing  an  experimental  breadboard  which  incorporates  the  new 
design,  ) 

The  suggested  modification  involved  the  inserting  of  the  fibers  into  a  sleeve 
of  vinyl  "spaghetti"  before  installing  them  in  the  protective  jacket.  In  cases 
where  an  electrical  lead  was  to  be  required,  the  vinyl-clad  bundle  would  be 
further  covered  with  wire  braiding  before  insertion  into  the  jacket. 

The  question  was  raised  as  to  whether  the  "tighter"  configuration  of  the  pre¬ 
wrapped  fibers  might  introduce  problems  during  vibration,  by  contrast  with 
the  "fluffy"  configuration  of  the  loose  fibers.  It  was  believed  that  the  clad 
bundle  would  vibrate  as  a  unit  within  the  protective  jacket  and  that  if  it  showed 
any  elasticity  under  lateral  displacement,  it  would  have  a  resonant  frequency 
which  would  most  likely  differ  from  that  of  a  typical  span  of  the  jacket  around 
it, 

A  single  sample  was  prepared  for  vibration  testing  in  order  to  provide  at 
least  preliminary  information  on  its  behavior.  The  fiber  bundle  was  i"  in 
diameter  and  18"  long,  containing  two-mil  fibers.  In  order  not  to  favor  the 
test  outcome,  and  also  to  provide  information  on  another  jacketing  material, 
rigid  aluminum  tubing  was  selected  as  the  protective  cover.  The  vinyl- clad 
bundle  was  inserted  into  a  ^-inch  O.  D.  aluminum  tube  with  an  approximately 
0.  030"  wall  thickness  and  the  ends  were  fixed  in  place  with  epoxy  resin.  The 
sample  ends  were  clamped  rigidly  to  the  shaker  table. 


55 


Testing  of  this  sample  was  conducted  according  to  the  vibration  requirements 
of  Procedure  XII,  MIL-E-5272C  (2.  5  hours  of  cycling  and  0.  5  hour  of  reso¬ 
nant  vibration);  Procedure  II,  MIL-E-5272C  (4  hours  of  resonant  vibration 
at  20  £'s);  and  Paragraph  7,  3  of  FAA  TSO  Cl  1C  (one  hour  of  cycling  at  10  ^'s 
between  5  and  1000  cps  and  one  hour  of  resonance  at  10  ^'s).  During  the 
testing,  structural  fatigue  of  the  aluminum  tubing  was  evidenced  by  changes 
in  the  resonant  frequency  of  the  unsupported  span  until  the  frequency  leveled 
off  at  320  cps  during  the  third  test.  There  was  no  evidence  of  damage  either 
to  the  fibers  or  to  the  aluminum  jacket. 

The  applied  accelerating  force  was  then  increased  to  30  ^'s  at  the  resonant 
frequency.  After  five  minutes  of  exposure,  the  resonant  frequency  was 
observed  to  drop  sharply  whereupon  the  unit  was  removed  from  the  fixture 
and  examined.  Fractures  were  observed  around  the  circumference  of  both 
ends  of  the  tubing  where  they  protruded  from  the  mounting  fixture  bushings. 

A  pair  of  longer  bushings  was  then  fabricated  and  installed  in  order  to  support 
the  fracture  zones,  and  the  testing  was  resumed.  The  new  resonant  fre¬ 
quency  was  observed  to  be  575  cps  but  dropped  off  sharply  after  several 
minutes  and  finally  became  erratic  so  that  the  testing  was  discontinued. 

To  this  point,  the  ends  of  the  unit  had  been  secured  rigidly  to  the  shaker 
table  with  a  U-claxnp  arrangement.  A  new  mounting  configuration  was  then 
proposed,  using  Adel  mounting  clamps  (No.  432SS8-8)  with  synthetic  rubber 
cushions.  The  fiber  bundle  was  then  inserted  into  a  new  aluminum  tube  and 
vibrated  at  resonance  (185  cps)  at  20  ^'a.  After  ten  hours,  no  visible  deteri¬ 
oration  had  occurred  to  either  the  fibers  or  the  tubing.  The  applied  accelera¬ 
tion  was  then  increased  to  35  £'s  and  the  sample  was  resonated  for  approxi¬ 
mately  six  hours.  No  damage  to  the  unit  was  yet  in  evidence  and  the  test 
was  halted.  One  of  the  Adel  clamps  was  observed  to  have  fractured  along 
the  base,  near  the  mounting  hole. 

A  final  vibration  test  was  concerned  with  a  different  bundle  configuration. 
Optical  tests  being  conducted  concurrently  had  ind'cated  that  extremely  narrow 
light  pipes  containing  only  a  few  dozen  two-mil  fibers  might  be  highly  useful  in 
certain  flame  detection  applications  while  offering  substantial  savings  in  size 
and  weight.  Consequently,  an  18"  long  group  of  such  fibers  contained  in  vinyl 
spaghetti  was  mounted  in  a  0. 100"  O.  D.  inconel  tube  and  subjected  to  eight 
hours  of  vibration  at  0.  060"  double  amplitude  or  20  |['s  of  applied  acceleration. 
The  resonant  amplitude  (D.  A. )  at  the  center  of  the  test  sample  was  observed 
to  vary  from  3/4"  to  just  over  1"  during  the  test.  At  the  end  of  the  test,  the 
end  of  the  inconel  tubing  secured  by  the  mounting  clamp  had  broken  off  com¬ 
pletely.  However,  a  photomicrographic  examination  of  die  bundle  end  face 
showed  that  of  the  original  26  fibers  in  the  bundle,  25  were  intact. 

The  evidence  afforded  by  the  vibration  teits  points  strongly  to  a  good  possi¬ 
bility  of  fiber  survival  under  many  aerospace  conditions;  as  mentioned  earlier, 
the  question  of  the  suitability  of  tiny  glass  fibers  for  severe  mechanical  en- 


vironmenta  was  a  serious  one  which,  to  our  knowledge,  had  not  previously 
been  answered.  It  was  therefore  gratifying  to  witness  what  we  consider  to 
be  a  favorable  test  outcome. 

3.2.3  Other  Mechanical  Tests 

Several  tests  were  originally  proposed  under  this  heading,  all  but  one  having 
been  finally  ruled  out  for  reasons  that  they  were  not  applicable  to  aerospace 
mechanical  environments  or  would  offer  information  of  limited  value.  For 
example,  impact  resistance  tests  on  various  jacketed  bundle  configurations 
would  largely  duplicate  the  effects  of  sustained  resonant  vibration,  both 
being  a  matter  of  exposure  to  lateral  accelerating  forces;  indeed,  the  forces 
applied  during  the  vibration  tests  described  above  were  deemed  to  be  more 
severe  than  those  required  by  many  shock  test  specifications,  and  so  such 
tests  were  held  to  be  redundant.  Similarly,  torque  resistance  tests  had 
been  planned  until  it  became  clear  that  the  jacketing  materials  of  greatest 
interest  (braided  conduit  and  rigid  stainless  steel  or  aluminum  tubing)  were 
highly  "twistproof"  from  the  standp>oint  of  ordinary  handling  and  would  trans¬ 
mit  little  torsional  stress  to  the  bundle  within.  Moreover,  if  torque  were  to 
be  transmitted  to  a  fiber  bundle  itself,  it  would  result  largely  in  stretching 
forces  on  the  individual  fibers,  but  since  these  are  generally  loaded  into 
their  containers  with  appreciable,  intentional  slack,  there  is  a  considerable 
margin  of  safety  with  regard  to  the  accidental  torquing  of  a  fiber  bundle 
assembly. 

It  was  also  originally  proposed  to  study  the  minimum  allowable  bend  radius 
for  various  jacketed  configurations.  It  was  then  realized  that  there  is  a 
favorable  disparity  between  the  amount  of  bending  which  a  bare  fiber  bundle  can 
survive  and  the  minimum  radius  of  curvature  which  might  be  effected  man¬ 
ually  upon  the  recommended  jacketing  materials,  and  so  such  testing  was 
deemed  unnecessary. 

It  should  be  pointed  out  that  the  mechanical  severities  to  which  a  fiber  bundle 
might  be  subjected  in  aerospace  usecan  fall  into  two  classes.  The  first  class 
concerns  the  normal  environmental  hazards  during  vehicle  operation,  involv¬ 
ing  largely  the  possibility  of  severe  axial  accelerational  forces  and  adverse 
vibrational  influences.  Our  tests  have  indicated  that  the  inherent  tensile 
strength  of  fibers  renders  them  sviitable  for  high  axial  thrusts  in  great  un¬ 
supported  lengths,  and  that  the  vibration  levels  suggested  in  military  and 
civil  aircradt  specifications  pose  little  problem.  The  second  class  of  hazards 
concerns  possible  mechanical  abuse  during  handling,  installation,  and  main¬ 
tenance,  and  this  could  be  by  far  the  greatest  threat  to  the  physical  survival 
of  a  fiber  bundle.  We  therefore  stress  the  fact  that  a  jacketed  fiber  bundle 
can  definitely  be  damaged  by  being  dropped  or  stepped  upon,  being  bent 
unduly,  being  hammered  upon  or  sawed  into,  or  being  subjected  to  other 
abuses  as  a  result  of  carelessness.  With  normal  care,  a  fiber  bundle  should 
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provide  extremely  satisfactory  service;  it  need  not  be  "coddled",  but  the 
attitude  that  it  is  more  fragile  than  most  aircraft  cables  and  conduits  would 
be  quite  helpful  in  prolonging  its  usefulness. 

The  single  test  series  conducted  under  this  heading  involved  the  compression 
resistance  of  4"  diameter  by  12"  long  fiber  bundles  in  "Dash  8"  (Teflon- lined) 
andS-143  (bellows -lined)  Titeflex.  Fibers  were  tested  in  one,  two,  and 
eight  mil  diameters.  During  testing,  each  sample  was  placed  on  an  aluminum 
block  on  the  middle  plate  of  a  Dillon  dynamometer.  A  smaller,  second  plate 
was  placed  upon  the  sample  bearing  on  a  four-inch  length  of  it;  the  sharp, 
lower  edges  at  the  ends  of  this  plate  were  rounded  off  to  a  4"  radius  in  order 
to  eliminate  possible  shearing  forces  under  pressure.  As  pressure  was 
applied,  the  condition  of  the  fibers  was  monitored  visually  with  the  aid  of  a 
light  source  placed  at  one  end.  The  test  results  are  presented  in  Table  7; 


Test  Sample 

Maximum  Compressional 
Force  (IbsJ 

Sample  Condition 
After  Compression 

1  mil  fibers. 

-8  Titeflex 

9000 

Partial  deterioration 

1  mil  fibers. 

S-143  Titeflex 

9000 

ti  ti 

2  mil  fibers, 

-8  Titeflex 

9000 

Complete  deterioration 

2  mil  fibers. 

S-143  Titeflex 

9000 

If  ft 

8  mil  fibers. 

-8  Titeflex 

1100 

If  It 

8  mil  fibers. 

S-143  Titeflex 

3000 

It  II 

Table  7.  Compressional  test  results  on  various  jacketed  configurations. 


The  length  of  the  four-inch  pressure  plate  was  selected  in  order  to  duplicate 
the  effects  of  the  pressure  applied  when  a  bundle  assembly  lying  on  a  hard 
surface  was  accidently  stepped  upon.  The  test  resiilts  indicate  that  ordinary 
compressional  forces  applied  by  the  human  foot  should  pose  no  problem. 

This  is  not  to  imply,  however,  that  unsupported  spans  of  the  material  can 
withstand  human  weights,  for  under  such  conditions  undue  tensile  forces 
would  be  exerted  which  could  stretch  the  jacketing  sufficiently  to  snap  the 
fibers. 

It  is  believed  that  a  substantial  influence  upon  compression  resistance  is 
exerted  by  the  tightness  of  fiber  packing  within  the  outer  jacket.  This  belief 
is  extrapolated  from  the  knowledge  that  the  minimum  bend  radius  of  a  jacketed 
bundle  is  affected  by  the  degree  of  packing.  If  a  constrained  bundle  of  fibers 
is  subjected  to  bending  forces,  the  outer  fibers  tend  to  stretch  whereas  com¬ 
pressional  forces  are  applied  to  the  inner  ones.  The  low  ductility  and  com¬ 
pressibility  of  glass  do  not  permit  appreciable  compliance  and  the  fibers 
tend,  instead,  to  ribbon  out  into  a  flat  band.  They  are  permitted  to  do  this 
only  if  there  is  sufficient  space  within  the  confines  of  the  constraining  sur¬ 
face;  otherwise,  the  outer  ones  will  be  subjected  to  tensile  forces  beyoxid 


their  capacity,  while  the  inner  ones  will  be  compressed  until  they  yield  by 
sharp,  localised  bending  which  fractures  them.  We  suspect  that  a  loose 
packing  affords  sufficient  freedom  for  the  fibers  to  slip  laterally  during 
compression  of  the  Jacket  as  to  afford  a  greater  compression  resistance 
than  in  the  case  of  a  fully  packed  Jacket,  althou^  tests  were  not  performed 
to  bear  this  out. 

3.  3  Thermal  Properties 

The  thermal  properties  of  glass  fibers  themselves  have  been  described  in 
Paragraidi  2.  3.  The  present  discussion  is  concerned  with  all  other  factors 
pertinent  to  a  fiber  lamdle  assembly  which  would  limit  its  use  in  high  temp¬ 
erature  environments. 

Because  the  fibers  themselves,  as  currently  made,  are  not  recommended 
for  continuous  exposures  above  1000*F,  we  shall  be  concerned  only  with  the 
abilities  of  the  various  fabrication  materials  to  survive  this  temperature.  In 
particular,  we  are  concerned  with  the  pickup  end  of  the  bundle  only,  assuming 
that  this  and  may  frequently  be  situated  in  a  high  temperature  cone  but  that 
the  remainder  of  the  bundle  and  the  readout  module  would  be  located  in  cooler 
regions.  Thus,  for  high  temperature  use,  we  visualize  a  conventional  fiber 
optic  system  with  a  special,  high  temperature  section  comprising  the  pickup 
end  and  being  coupled  to  the  main  system.  Alternatively,  the  entire  bundle 
length  can  be  designed  for  high  temperature  use,  although  this  may  impose 
certain  restrictions  on  the  choice  of  materials. 

Regarding  the  choice  of  Jacketing  materials,  those  considered  for  normal 
temperature  operation  have  included  rigid  stainless  steel  or  aluminum  tubes 
and  various  aircraft-type  hoses  .with  plastic  or  metallic  interior  surfaces. 

For  high  temperature  use,  the  choice  would  be  limited  to  the  stainless  steel 
tubing  and  to  aircraft  hoses  of  an  all-metal  construction. 

Conventional  teat  lights  in  the  pickup  bead  would  not  be  usable  at  1000*F  and 
this  feature  would  have  to  be  forsaken. 

The  use  of  cemented  objective  lenses  would  not  be  possible  at  1000*F  and  it 
is  questionable  whether  even  a  simple  "singlet"  lens  used  as  the  objective 
would  hold  its  shape  at  this  temperature.  The  solution  to  this  problem  might 
be  provided  by  use  of  an  objective  lens  made  of  quartz  or  other  high  temp¬ 
erature  optical  material. 

The  principal  problem  in  the  suitability  of  fiber  bundles  for  high  temperature 
use  has  been  the  limitations  imposed  by  the  materials  customarily  used  to 
cement  the  fiber  ends  together  prior  to  grinding  and  polishing.  Such  materials 
were  selected  on  the  basis  of  their  properties  at  room  temperature,  there 
never  having  been  a  need  for  high  temperature  binding  agents. 
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A  study  was  therefore  conducted  here  in  a  search  for  potting  materials  with 
high  temperature  stability  in  addition  to  other  requirements  listed  below: 

(1)  Chemical  and  thermal  stability  over  the  temperature  range  from 
-100* F  to  1000* F; 

(2)  Compatibility  with  glass  working  techniques  used  in  the  prepara¬ 
tion  of  optically-finished  surfaces; 

(3)  Thermal  expansion  properties  intermediate  to  those  of  glass  and 
metal; 

(4)  Good  "wetting"  properties  with  regard  to  both  glass  and  metal. 

The  investigation  was  conducted  according  to  the  following  outline: 

(1)  Materials  were  chosen  from  three  groups  of  adhesive  compounds; 
solders  that  contain  indium  (referred  to  as  "glass  solders"), 
materials  referred  to  as  "high  temperature  plastics",  and 
cements  intended  for  high  temperature  applications  (examples  are 
the  ceramic  cements  and  aluminum  phosphide  cements), 

(2)  Of  the  materials  chosen,  each  was  tested  to  determine  if 
it  showed  any  chemical  action  upon  lead  glass  at  any  tem¬ 
perature  above  ambient  up  to  1000*  F.  Failure  was  indicated 
by  a  change  in  color  or  shape  of  the  glass  fibers. 

(3)  Each  material  was  formed  into  suitable  samples  using  glass 
fibers,  cured  at  about  600*  F,  and  ground  and  polished  on 
standard  metallographic  equipment  to  determine  if  it  had 
properties  suitable  for  producing  an  optical  surface  usable 
in  a  fiber  bundle. 

(4)  Each  material  was  tested  to  determine  if  it  would  wet  both 
glass  and  metal  and  adhere  to  these  materials  after  curing. 

Brass  collars  of  about  I.  D.  were  prepared  and  used  to 
contain  each  test  bundle  of  fibers.  A  test  was  considered 
negative  if,  after  curing,  any  air  spaces  existed  between  the 
collars  and  the  bundle,  or  between  the  fibers.  This  test  also 
established  the  wetting  power  of  the  sample  material;  the 
material  was  considered  to  have  failed  if  all  voids  were  not 
filled. 

(5)  If  a  material  passed  tests  3  and  4,  we  concluded  that  there 
was  no  problem  with  regard  to  thermal  expansion  differences. 
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At  the  end  of  a  preliminary  inveetigation,  moat  of  the  materials  initially 
chosen  had  been  eliminated.  Categorically,  the  reasons  were  as  follows; 

(1)  The  indium  eoMers  had  two  main  shortcomings.  First,  they 
would  not  flow  around  the  fibers  so  that  wetting  was  very 
difficult  and,  more  Important,  their  malting  points  were  very 
low. 

(2)  Of  the  cements,  three  ceramic  cements  and  three  aluminum 
phosphide  cements  were  investigated.  All  of  these  materials 
showed  two  common  faults  and  were  therefore  abandoned.  They 
were  coarse,  gritty  materials,  not  able  to  wet  either  the  glass 
fibers  or  the  metal  rings  and  they  all  attacked  the  glass  chemically. 

Attention  was  then  focused  on  the  high  temperature  plastics,  wlfii  encouraging 
results.  The  manufacturer's  data  on  the  first  material  tested  is  as  follows: 

Curing  time:  6  hours  at  600*F 
hlaximiun  service  temperature:  1200*F 
Continuous  service  temperature:  600*F 

This  material,  when  cured  according  to  the  manufacturer's  directions,  proved 
to  be  the  best  material  tested.  All  of  the  requirements  for  a  potting  material 
as  described  in  the  test  were  met. 

The  next  group  of  materials  tested  had  the  following  characteristics: 

Curing  time;  6  hours  at  600 *F 
Maximum  service  temperature:  1000*F 
Continuous  service  temperature:  600*F 

These  materials  cure  hard  enough  to  polish  to  a  good  optical  surface.  The 
materials  passed  all  other  tests  as  well  and  can  be  considered  satisfactory 
for  high  temperature  potting  compounds. 

In  most  of  the  high  temperature  tests,  a  discoloration  of  the  potting  materials 
was  observed,  but  this  had  little  adverse  effect  on  the  light  transmission  of  the 
test  sample. 


61 


SECTION  4.  FIBER  OPTIC  DETECTION  SYSTEMS 


In  this  section  we  consider  the  fiber  optic  detection  system  as  a  complete 
entity,  starting  with  the  objective  lens,  ending  with  the  magnifying  eyepiece, 
and  including  radiation  detection  devices,  image  tubes,  optical  couplings, 
and  other  aids  to  the  application  of  the  basic  fiber  bundle  to  the  hazard 
detection  problem. 

4.  1  Terminal  Optica 

This  term  applies  to  the  objective  lens  which  forms  the  initial  image  on  the 
receiving  end  of  the  fiber  bundle  and  to  the  magnifying  lens  which  is  generally 
used  in  order  to  present  a  larger  apparent  image  at  the  viewing  end.  Certain 
features  of  both  are  of  interest  to  fiber  optics  applications  and  are  reviewed 
in  the  following  paragraphs  as  a  possible  aid  to  the  system  designer  in 
making  an  appropriate  selection  for  a  given  application. 

4.  1.  1  Objective  Lenses 

Two  quantities  are  of  primary  interest  in  the  selection  of  the  objective  lens 
which  is  to  image  an  object  field  onto  the  receiving  face  of  a  fiber  bundle. 

The  more  important  quantity  is  the  focal  length  of  the  lens  with  respect  to  the 
bundle  end  face  dimensions,  for  this  ratio  determines  whether  a  large  part  of 
the  scene  will  be  included  at  relatively  low  magnification  or  a  small  part  at 
higher  magnification.  The  wide -field  or  wide-angle  case  is  associated  with  a 
shorter  focal  length  lens  than  is  the  narrow-field  or  telephoto  case.  For  a 
fiber  bundle  end  face  of  given  size,  the  magnification  and  angular  field  width 
are  complementary  quantities  and  a  compromise  must  be  chosen  depending 
upon  the  needs  of  a  given  viewing  situation.  Figure  42  shows  the  effect  of  a 
progressive  increase  in  objective  lens  focal  length,  wherein  it  is  apparent  that 
the  wide-field  case  presents  a  more  complete  image  of  the  scene  but  with  less 
magnification  of  detail. 

The  other  quantity  of  interest  in  the  selection  of  a  lens  is  the  maximum  aper¬ 
ture  compared  with  its  focal  length  —  that  is,  the  "lens  speed"  which  ordinarily 
determines  the  brightness  of  an  image  formed  upon  a  photogriq>hic  film.  This 
is  the  lens  diameter  expressed  units  of  the  lens  focal  length;  for  example,  the 
diameter  of  a  lOnun  diameter  lens  with  a  20mm  focal  length  might  be  eiqtressed 
as  a  "focal  length  divided  by  2"  or  simply  "f/ 2".  Thus,  another  name  for  lens 
speed  is  focal  ratio  and  the  purpose  of  this  quantity  is  to  provide  a  basis  for 
the  comparison  of  image  brightness  produced  by  various  photographic  lenses 
of  various  diameters  and  focal  lengths;  that  is,  an  f/2  lens  of  25Run  focal 
length  will  produce  a  larger  image  than  an  f/2,  13mm  lens,  but  one  of  the  same 
brightness. 
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It  is  important  to  note  that  a  lens  with  a  high  focal  ratio,  such  as  f/1. 5, 
produces  a  broader  convergent  cone  of  light  on  the  receiving  surface  than 
does,  say,  an  f/3.  5  lens.  This  means  more  total  light  reaching  the  surface 
which,  if  it  happens  to  be  a  diffusely  reflecting  surface,  will  appear  brighter 
to  the  eye.  However,  because  there  is  no  diffusion  ordinarily  involved  in  the 
transmission  of  light  through  a  glass  fiber,  a  large  focal  ratio,  or  "fast" 
lens,  has  a  different  mesming  here.  It  simply  means  that  the  image-forming 
light  will  be  transmitted  through  the  fiber  as  a  family  of  steeper  rays  than 
with  a  "slower"  lens  and  will  leave  the  other  end  with  a  broader  angular  spread; 
the  reason  is  that  the  angular  characteristics  of  the  light  rays  entering  a  fiber 
are  approximately  preserved  as  the  light  travels  through  the  fiber  --  the  more 
so  if  the  fiber  core  is  smooth-walled  and  straight.  Thus,  a  faster  lens  will 
not  produce  a  brighter  image  through  a  fiber  bundle,  but  merely  one  which 
can  be  seen  over  a  wider  angle  at  the  viewing  end. 

The  selection  of  objective  lens  speed,  then,  is  determined  by  the  desired 
angiilar  spread  of  the  emergent  light.  This,  in  turn,  is  generally  determined 
by  the  focal  ratio  of  the  magnifying  eyepiece.  Provided  that  the  emergent  cone 
is  broad  enough  to  fill  the  eyepiece  with  light,  it  generally  does  not  pay  to  use 
a  faster  objective  lens  than  is  necessary  to  produce  such  a  cone  although  some 
extra  cone  width  can  be  helpful  in  allowing  for  some  shift  in  the  direction  of  the 
emergent  cone  as  a  result  of  any  bends  in  the  fiber  bundle.  If  the  objective  lens 
speed  is  too  "slow"  and  the  eyepiece  is  not  filled  with  light,  then  at  extreme 
viewing  angles  the  fiber  end  face  may  be  seen  through  the  magnifier  but  no 
image  will  appear  on  it.  (For  example.  See  Figure  40) 

Returning  to  the  subject  of  focal  length  selection,  the  fiber  optic  system 
designer  must  first  consider  the  physical  dimensions  of  the  bundle  end  face 
with  which  he  is  dealing  and  must  then  decide  upon  the  angular  width  of  the 
object  field  to  be  included  in  the  image.  Simple  geometrical  considerations 
will  then  indicate  the  appropriate  focal  length  for  the  objective  lens.  For 
example,  a  reasonable  end  face  or  "frame"  size  in  many  fiberscope  applica¬ 
tions  is  5  X  5mm,  corresponding  very  closely  to  the  4  x  5mm  frame  size  of  an 
8mm  motion  picture  film.  The  usual  8nun  movie  camera  lens  has  a  focal  length 
of  13mm,  providing  an  angular  coverage  of  2  (arctan  2.  5/13)  or  22*  in  the  hori¬ 
zontal  plane.  Other  focal  lengths  are  available  in  such  lenses  --  the  most 
common  being  from  5  to  9mm  for  wide  angle  use  and  25mm  or  greater  for 
telephoto  use.  For  a  5  x  5nun  fiberscope,  it  is  thus  convenient  to  use  any  of 
the  standard  8mm  movie  camera  lenses  as  the  objective  lens  and  to  employ 
the  same  angular  field  terminology  regarding  wide-angle  or  telephoto  images. 
Indeed,  custom -fabricated  fiberscopes  in  the  5  x  5mm  size  range  are  often  spec¬ 
ified  with  an  end  fitting  designed  to  receive  the  threads  of  an  8mm  movie  camera 
lens  and  to  provide  an  In-focus  image  on  the  end  face  when  the  lens  is  tightened 
into  position.  Such  threads  have  been  standardized  by  most  manufacturers  and 
are  referred  to  as  "D"  mount  threads.  Similarly,  the  accepted  thread  standard 
for  16mm  movie  czunera  lenses  is  described  as  the  "C"  mount.  (Copies  of  "C" 
mount  and  "D"  mount  thread  specifications  are  available  at  25  cents  each  from 
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the  American  Standards  Association,  Incorporated,  10  East  40th  Street, 

New  York  16,  New  York.  The  specification  is  No.  PH22.76-1960  and  is 
entitled  "Threaded  Lens  Mounts  for  16mm  and  8mm  Motion-Picture 
Cameras". ) 

Another  typical  fiberscope  frame  size  which  may  be  convenient  in  many  aero¬ 
space  applications  is  8  x  10mm,  corresponding  identically  to  the  frame  size 
of  a  I6mm  motion  picture  film.  For  such  fiberscopes  it  is  especially  con¬ 
venient  to  specify  "C"  mount  threads  and  to  use  any  of  the  variety  of  16mm 
movie  camera  lenses  which  are  available  commercially. 

The  angular  width.  0,  of  the  object  field  provided  across  any  dimension,  D, 
of  a  fiberscope  end  face  by  a  lens  of  focal  length,  L,  can  be  determined  from 
the  formula  tan(l/2)0  =(l/2)0/L  or  0  =  2  (arctan  D/2L).  Typical  values  for 
various  frame  sizes  and  focal  lengths  are  presented  in  Table  8; 


Standard  "D"  Mount 

Angular  Field  for  4  x 

5mm  Frame  Size 

Focal  Lengths 

(Sides) 

(Diagonal) 

5nun  (wide-angle) 

47*  X  53* 

65* 

9mm  (wide-angle) 

25*  X  31* 

39' 

13mm  (normal) 

18*  X  22* 

28* 

25mm  (telephoto) 

9*  X  11* 

15‘ 

50mm  (telephoto) 

5*  X  6* 

7* 

Standard  "C"  Mount 

Angular  Field  for  8  x 

lOmm  Frame  Size 

Focal  Lengths 

(Sides) 

(Diagonal) 

I3nun  (wide-angle) 

34*  X  42* 

52* 

25mm  (normal) 

18*  X  22* 

29* 

50mm  (telephoto) 

9*  X  11* 

15* 

100mm  (telephoto) 

5*  X  6* 

7* 

Table  8.  Angular  field  for  various  objective  lens  focal  lengths  and  fiberscope 
end  face  dimensions. 

A  third  quantity  of  interest  in  the  selection  of  an  objective  lens  is  the  lens 
quality.  Lenses  with  a  given  focal  length  and  diameter  are  available  to  pro¬ 
vide  a  broad  spectrum  of  image  qualities,  as  evidenced  by  the  price  range 
which  extends  from  a  few  pennies  for  a  chipped,  rejected  singlet  to  more  than 
one  hundred  dollars  for  a  well-corrected  compound  lens.  It  is  necessary  to 
point  out  that  the  expensive,  precision-made  lenses  have  important  uses  in  the 
preparation  of  high  quality  color  motion  picture  films  where  the  utmost  in  image 
quality  and  detail  must  be  achieved  although  the  higher  priced  lenses  are  also 
often  associated  with  high  numerical  apertures  for  use  under  adverse  lighting 
conditions.  In  fiberscope  applications,  the  image  sharpness  provided  by  a  high 
quality  lens  is  often  not  needed  for  present-day  fiberscopes  do  not  pro^de  the 
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resolution  afforded  by  color- sensitive  photographic  films,  and  the  difference 
between  fiberscope  images  formed  respectively  by  lenses  of  high  and  of 
moderate  quality  would  be  slight. 

4.1.2  Magnifying  Eyelenses 

One  ordinarily  thinks  of  a  magnifier  as  having  the  unusual  property  of  making 
objects  appear  larger  than  they  really  are.  This  is  not  actually  the  case,  for 
a  magnifier  is  simply  a  lens  or  a  lens  combination  which  adds  some  refractive 
power  to  the  eye  lens  of  the  observer  and,  therefore,  lets  him  place  his  eye 
closer  to  the  object  and  still  see  it  clearly.  The  apparent  increase  in  size 
results  from  the  nearness  of  the  observer's  eye  to  the  object;  if  he  were 
especially  nearsighted  or  had  good  visual  accommodation,  he  could  view  an 
object  a  few  inches  from  his  eye  without  a  magnifier  and  see  it  apparently 
magnified.  It  is  important  to  realize  that  magnification  does  not  make  an 
object  appear  "larger  than  it  really  is",  which,  by  itself,  is  meaningless  but 
it  makes  it  appear  larger  than  it  appears  at  ordinary  viewing  distances.  Since 
this  is  a  relative  matter,  a  particular  "ordinary  viewing  distance"  has  been 
adopted  by  scientists  as  an  arbitrary  reference  value  in  order  to  place  the 
phenomenon  of  magnification  on  a  quantitative  basis.  This  distance  is  ten 
inches  and  is  the  distance  at  which  the  average  person  might  hold  an  object 
in  order  to  scrutinize  it  closely  and  yet  see  it  comfortably.  The  apparent 
size  of  an  object  at  ten  inches  is,  therefore,  the  reference  value  with  which 
its  apparent  size  is  compared  when  it  is  at  other  distances.  As  an  example, 
if  an  observer  were  to  view  an  object  five  inches  away,  with  or  without  a 
magnifier,  its  apparent  linear  dimensions  would  be  doubled  and,  loosely 
speaking,  one  might  say  that  the  object  was  being  viewed  with  a  magnification 
of  two. 

The  use  of  a  positive  or  converging  lens  enables  an  observer  to  place  his  eye 
effectively  much  closer  to  an  object  than  ordiiuirily.  The  stronger  the  lens 
(or  the  shorter  its  focal  length),  the  closer  the  eye  may  be.  The  distsmce 
from  the  lens  to  the  object  is  important  and  most  people  automatically  hold 
the  lens  so  that  they  can  view  the  object  most  comfortably.  When  this  is  the 
case,  it  happens  that  the  lens-to-object  distance  corresponds  closely  to  the 
focal  length  of  the  lens.  It  also  happens,  then,  that  the  diverging  rays  from 
the  object  are  refracted  by  the  lens  in  such  a  way  that  essentially  parallel 
families  of  rays  leave  the  lens  and  proceed  to  the  eye.  This  is  important 
because  truly  parallel  rays  ordinarily  arise  only  from  objects  at  great  dis¬ 
tances  --  such  as  stars. 

Parallel  rays  are  of  importance  to  an  observer  in  two  ways  although  the 
average  observer  is  not  ordinarily  conscious  of  them.  The  first  is  that  when 
parallel  rays  enter  the  eye  from  a  distant  object  being  viewed,  the  eye  lens 
automatically  relaxes,  increasing  its  focal  length  and  the  viewing  condition 
is  physiologically  more  comfortable  to  the  observer  than  when  he  is  viewing 
a  nearby  object.  The  second  effect  is  that  truly  parallel  rays  imply  an  object 
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••■entially  "at  infinity"  <such  a*  a  «tar)  lo  that  no  matter  how  much  closer  to 
or  farther  from  the  object  the  observer  tries  to  move,  he  cannot  change  its 
apparent  size. 

These  phenomena  are  important  to  the  matter  of  how  an  observer  uses  a 
magnifier  to  "enlarge"  an  object.  The  first  effect  ensures  his  (inadvertent) 
tendency  to  place  the  lens  so  that  the  emergent  rays  will  be  parallel.  This 
affords  the  most  comfortable  viewing  and  places  the  object  "optically  at  infinity". 
When  this  is  the  case,  the  object  is  at  or  very  near  to  the  focal  point  of  the  lens. 
Under  these  conditions,  the  apparent  size  of  the  object  will  be  the  same  whether 
the  observer's  eye  is  far  from  the  lens  tir  practically  touching  it.  (The  only 
effect  that  distance  will  have  will  be  to  change  the  area  of  object  which  he  can 
see  through  the  lens;  that  is,  one  can  see  more  of  the  object  with  his  eye 
closer  to  the  lens,  but  the  magnification  will  be  the  same. ) 

Consequently,  when  an  object  is  at  the  focus  of  a  magnifier,  the  apparent 
size  of  the  object  will  be  exactly  what  it  would  be  if  the  eye  were  at  the 
optical  center  of  the  lens  and  no  lens  were  present.  Thus,  a  lens  with  a  one 
inch  focal  length,  when  used  as  a  magnifier,  simply  locates  the  eye  (optically) 
one  inch  from  the  object,  regardless  of  where  it  is  physically.  This  produces 
an  apparent  object  size  often  times  the  linear  dimensions  compared  with  its 
apparent  size  at  ten  inches.  The  magnification  is  thus  said  to  be  lOX  which, 
it  will  be  noted,  is  obtained  simply  by  dividing  ten  inches  by  the  focal  length  of 
the  lens  expressed  in  inches. 

It  is  obvious  that  the  shorter  the  focal  length  of  the  lens  or  lens  combination, 
the  greater  will  be  the  magnification.  What  then,  we  ask,  prevents  us  from 
using  the  highest  magnification  possible?  The  answer  is  that  there  is  another 
effect  which  occurs  as  the  focal  length  of  a  lens  is  changed.  This  involves 
the  size  of  what  is  called  the  exit  pupil  which  is  an  imaginary  disc  in  space 
within  which  the  eye  must  be  placed,  at  whatever  its  viewing  distance,  in 
order  to  see  a  given  amount  of  the  object.  Everything  else  being  equsd,  a 
lens  affording  higher  magnification  also  provides  a  smaller  exit  pupil  and 
places  a  greater  burden  on  the  observer  in  aligxiing  his  eye  with  the  lens 
axis.  These  opposing  effects,  magnification,  and  exit  pupil  diameter,  are  a 
matter  of  common  experience,  as  the  reader  will  note.  For  example,  vdien 
viewing  an  object  at  ten  inches  with  no  magnifier  and  with  a  magnification  of 
unity,  one  has  no  exit  pupil  restriction  and  may  position  his  head  throughout 
a  hemispherical  space  and  still  see  the  object.  Conversely,  in  order  to  obtain 
the  magnification  afforded  by  high-powered  microscope,  one  must  align  his 
eye  quite  accurately  with  the  small  ocular  in  the  eyepiece. 

As  to  the  matter  of  what  compromise  one  must  reach  in  providing  magnification 
for  a  given  fiber  bundle,  only  judgment  and  experience  can  determine  this  for 
it  is  based  on  the  personal  preference  and  circumstances  of  the  user  of  the 
bundle.  In  the  case  of  the  fighter  pilot  or  astronaut  whose  physical  movements 
are  relatively  constrained  and  whose  field  of  view  must  be  shared  by  many 
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inttrumcnt*  aimultanaously.  a  large  exit  pupil  ie  often  neceeeary.  with  its 
attendant  low  magnification,  for  the  observer  would  have  no  opportunity  to 
position  his  eye  close  to  the  magnifier.  On  the  other  hand,  in  the  case  of 
the  aerospace  vehicle  with  a  crew  of  several  men,  one  of  these  may  be  freely 
able  to  place  his  eye  close  to  the  lens  and  profit  by  the  high  magnification 
afforded  by  a  shorter  focal  length  and  reduced  exit  pupil. 

The  luxury  of  high  eyepiece  magnification  which  is  attained  at  the  expense  of 
exit  pupil  diameter  is  illustrated  in  Figure  43  which  refers  the  reader  to  the 
following  suggestions  intended  to  provide  him  with  an  appreciation  of  the 
degree  of  compromise  which  is  necessary; 

EXPLANATORY  NOTE,  FIGURE  43 

This  figure  depicts  a  typical  image  on  a  fiberscope  end  face  as 
it  might  appear  in  actual  size,  as  well  as  under  various  eye¬ 
piece  magnifications.  To  observe  the  image  sizes  as  they  would 
appear  to  the  eye,  the  reader  should  view  the  photographs  at  his 
"distance  of  most  distinct  vision"  --  generally  ten  inches  -- 
using  one  eye.  However,  he  should  also  be  aware  of  the  corres¬ 
ponding  viewing  limitations  imposed  by  the  smaller  lens  diameters 
and  other  optical  factors  which  accompany  higher  eyepiece  magni¬ 
fications  . 

In  examining  this  figure,  the  reader  can  attain  an  appreciation 
of  the  more  difficult  head  movement  restrictions  at  higher 
magnifications  if  he  will  perform  the  following  experiment. 

The  thumb  and  forefinger  should  be  bent  to  form  a  makeshift 
circular  aperture  which  is  placed  exactly  on  the  perpendicular 
axis  of  each  photograph  and  about  ten  inches  from  the  page.  For 
viewing  the  12X  photo,  the  aperture  should  be  no  greater  than 
about  1/2  inch  in  diameter;  for  the  6X  and  3X  exilargements,  the 
corresponding  aperture  diameters  should  be  about  one  inch  and 
1-1/2  inches  respectively.  <These  values  correspond  to  the  use 
of  an  eyelens  with  an  f/1.  6  aperture.  ) 

Note  that  in  order  to  view  the  12X  photo  fully,  the  reader  must 
place  his  eye  very  close  to  the  1/2  inch  aperture.  With  the  other 
photos  and  larger  aperture  diameters,  the  eye  can  be  moved 
more  freely,  both  sideways  and  back  from  the  aperture,  without 
seriously  restricting  the  view  of  the  image.  Note  also  that  only 
one  eye  can  be  used  at  a  time. 

The  topmost  photo  in  the  figure  should  be  viewed  without  a 
limiting  aperture  for  its  size  is  intended  to  represent  a  typical 
end  face  as  seen  in  actual  size.  ITote  that  in  this  case,  both 
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eyes  may  view  the  subject  together  and  head  movements 
are  completely  unrestricted.  (In  an  actual  fiberscope,  the 
eye  positions  would  be  limited  by  the  exit  angle  of  the  light 
rays  leaving  the  fiber  ends.  See  Paragraph  3.  1.  9. ) 

This  experiment  simulates  the  effect  of  using  a  simple 
magnifier  with  an  f/ 1.6  aperature.  Larger  aperture  eye¬ 
pieces  can  be  designed  which,  for  the  lower  magnifications, 
would  permit  simultaneous  viewing  by  both  eyes  but,  in  any 
case,  a  higher  magnification  eyepiece  always  implies  less 
eye  freedom. 

The  subject  shown  in  Figure  43  is  the  image  of  a  jet  engine 
section  formed  on  part  of  a  high  resolution  fused  fiber 
optics  faceplate.  Approximately  one  million  fibers  are 
represented  in  the  photograph  but  are  too  small  to  be 
seen  individually. 

A  further  discussion  of  magnifying  eyepieces  appears  in  Section  D.  3  of  the 

Appendix  as  related  to  their  use  with  image  tubes. 


4. 2  Radiation  Detection 


Where  fiber  bundle  lyeteme  are  to  be  used  in  the  detection  of  aerospace  fires 
or  other  self-luminous  hazards,  it  is  necessary  that  automatic  warning  systems 
be  used  with  them  to  notify  the  pilot  or  appropriate  crew-member  as  to  when  he 
should  perform  a  visual  check  of  the  bundle  image.  It  is  highly  desirable  that 
such  a  warning  system  be  able  to  discern  between  optical  situations  which  imply 
hazardous  occurrences  and  those  which  do  not.  A  fundamental  requirement  is 
that  the  system  subject  the  pilot  to  the  least  possible  number  of  false  alarms  by 
discrimination  against  normal  radiative  phenomena  such  as  sunlight. 

The  following  paragraphs  review  the  state-of-the-art  in  optical  radiation  detection 
as  applied  to  flame  and  hot  surface  conditions.  Specific  detection  techniques 
are  reconunended  for  use  with  optical  fiber  systems,  including  cases  in  which 
the  detector  monitors  the  remote  compartment  from  the  viewing  end  of  the  fiber 
bundle  and  cases  of  direct  monitoring  from  within  the  compartment  itself. 

4.2.1  Determination  of  a  Detection-mode  Philosophy 

The  primary  problem  in  the  automatic  radiation  detection  of  flames  and  hot 
surfaces  is  one  of  discrimination.  Modern  photo-  and  thermal- detection  systems 
offer  sufficient  sensitivity  that  the  detection  of  a  hazard  is  generally  not  a  pro¬ 
blem;  rather,  the  problem  is  to  render  the  system  insensitive  to  radiative  sources 
of  a  non-hazardous  nature  such  as  the  various  daylight  sources  originating  in 
sunlight  and  various  artificial  light  sources  incidental  to  aerospace  operations. 

Modern  scientific  techniques  offer  several  alternative  methods  of  automatically 
recognizing  certain  distinguishing  features  of  radiation  from  hazardous  sources 
and  discriminating  against  normal  background  radiation.  The  various  methods 
differ  in  Oieir  adaptabilities  to  various  operational  and  environmental  require¬ 
ments  and  the  selection  for  a  given  situation  must  be  made  accordingly. 

This  discussion  comprises  a  review  of  such  techniques  with  particular  attention 
to  their  possible  use  with  fiber  optic  systems. 

Function  of  Detection  System 

The  function  of  a  fiber  optic  hazard  detection  system  in  a  manned  flight  vehicle 
should  be  to  afford  automatic  detection  and  visual  identification  of  various 
hazards  in  remote  areas  of  the  vehicle.  The  primary  hazards  of  interest  are 
those  producing  changes  in  visible  radiation,  such  as  fires  and  hot  spots  re¬ 
sulting  from  overheating.  The  identification  function  is  performed  by  the  pilot 
or  other  crew  member  by  viewing  the  remote  area  through  the  fiber  bundle. 

The  detection  function  must  be  performed  automatically.  This  is  necessary  in 
order  that  the  remote  area  be  continuously  monitored  for  unusual  light  level 
conditions ,  it  being  the  function  of  the  detection  device  to  notify  the  pilot  of  any 
such  conditions.  The  pilot  will  then  view  the  remote  area  through  the  light  pipe 
and  make  a  visual  identification  of  the  haaards  involved. 
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The  ideal  detection  device  wouldwarn  the  pilot  of  any  abnormal  radiation  con¬ 
ditions  cauaed  by  fire,  overheat,  or  other  hazard,  and  at  the  aame  time  would 
reject  all  normal  radiative  phenomena,  such  as  normally  hot  objects  or  sun¬ 
light,  so  that  false  warnings  never  occur.  Such  an  ideal  system  is  not  presently 
possible,  and  even  a  human  observer  has  difficulty  in  distinguishing  certain 
situations,  such  as  a  match  flame  held  up  against  the  sun.  However,  it  is 
possible  to  identify  many  fire  conditions  against  most  normal  background 
radiation  conditions. 

Two  types  of  radiation  background  that  must  be  discriminated  against  are  sun¬ 
light  and  hot  objects.  Methods  of  doing  this  will  be  discussed  in  detail  later. 

Of  the  environmental  conditions  that  must  be  taken  into  consideration  in  design¬ 
ing  the  radiation  detection  device,  temperature  is  the  only  critical  one.  The 
other  conditions,  such  as  vibration,  shock  and  humidity,  can  be  acconunodated  with 
routine  packaging  methods.  The  temperature  conditions  are  determined  by  the 
type  of  vehicle  and  by  the  particular  location  in  which  the  detector  is  situated. 
These  temperature  conditions  can  greatly  affect  the  choice  of  a  radiation  detector, 
for  each  presently  available  detector  has  its  own  upper  temperature  operating 
limit,  all  of  them  being  below  600 *F. 

Types  of  Detectors 

Optical  radiation  detectors  fall  into  two  main  classes,  notably,  pbetodotoctora 
and  thermal- detectors.  Photodetectors  include  the  familiar  photo- emissive, 
photoconduetive ,  photovoltaic  and  jdiotoelectromagnetic  detectors  and  operate 
through  the  direct  action  of  radiation  upon  valence  electrons  in  the  detector 
material.  By  contrast,  thermal  detectors  operate  as  the  result  of  becoming 
warmed  by  radiation,  whereupon  their  molecular,  or  thermal,  energy  is  trans¬ 
formed  to  electronic  energy.  Thermal  detectors  include  thermocouples, 
metallic  and  semiconducting  bolometers  and  a  variety  of  other  devices. 

A  major  distinguishing  feature  between  photo-  and  thermal-detectors  is  their 
respective  types  of  spectral  response.  Each  type  of  photodetector  is  sensitive 
only  to  a  specific  region  of  the  wavelength  spectrum,  whereas  a  thermal 
detector  will  respond  to  energy  of  any  wavelength  which  its  surface  can  absorb. 
Another  feature  is  that  photodetectors  offer  a  faster  response  and  higher 
sensitivity  in  those  spectral  bands  in  which  they  are  sensitive  than  do  the  thermal 
detectors  in  the  same  bands . 

Methods  of  Fire  Detection 


There  are  many  possible  methods  for  detecting  fires  in  flight  vehicles.  Excellent 
discussions  of  fire  detection  principles  which  can  be  utilised  are  given  in 
References  132  and  134.  In  brief,  methods  of  fire  detection  can  be  classified  as 
either  the  direct  contact  type  or  the  surveillance  type.  In  the  former  type,  the 
flame  must  corns  in  direct  contact  with  the  detector  in  order  for  an  alarm  to 
occur.  Such  detectors  usually  alarm  at  a  prsdstermined  temperaturs  level  or 
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ris«-rat«i  but  the  us«  of  flam*  conductivity  or  flamo  roctificatloa  for  fira 
dotoction  hao  also  boon  sucfostod.  The  various  methods  for  aceomylishiag 
contact-typo  firs  dotoction  will  not  bo  discussed  hero,  for  they  are  felt  to  bo 
unsuitable  for  use  with  fiber  optics.  The  main  roaOon  for  this  is  the  com¬ 
plexity  required  when  contact  with  the  flame  is  required  for  alarm.  One  of  the 
major  advantages  of  a  fiber  optic  system  is  that  a  rather  large  compartment 
can  be  monitored  with  very  few  detectors.  This  advantage  would  be  swllified  if 
a  contact-type  fire  detector  were  used  with  fiber  optics. 

Surveillance  can  be  defined  as  the  act  of  watching.  Thus,  a  surveillance  fire 
detector  can  be  described  as  a  detector  which  will  watch,  or  monitor,  a  large 
volume  of  space  and  which  will  alarm  when  a  fire  is  present  without  its  being 
in  actual  contact  with  the  fire,  hfost  surveillance  detectors  are  sensitive  to 
the  radiant  energy  from  a  flame.  The  main  exceptions  are  surveillance  systems 
for  smoke  detection  use  and  those  using  ultrasonic  waves  and  the  Doppler  shift 
as  a  means  of  detecting  fires  in  large  spaces.  The  latter  method  will  not  be 
discussed  here.  Smoke  detection  will  be  discussed  later,  since  in  many  situations 
this  could  be  combined  very  advantageously  with  fiber  optics. 

The  following  paragraphs  discuss  the  various  methods  of  radiation  detection, 
and  state  the  advantages  and  disadvantages  of  detection  in  the  various  spectral 
regions.  The  several  methods  of  discriminating  against  the  normal  radiation 
background  will  also  be  discussed. 

The  first  spectral  region  which  we  consider  is  the  infrared  one  beyond  three 
microns.  This  region  is  suitable  for  the  detection  of  moderately  warm  objects 
and  of  certain  prominent  spectral  bands  in  premixed  flames.  Most  of  the 
detectors  sensitive  in  this  region  can  be  classed  as  ’’exotic”  types  that  require 
operation  at  very  low  temperatures  in  order  to  offer  usable  sensitivity.  They 
are  widely  used  in  military  applications  which  require  either  the  utmost  in 
sensitivity  or  a  response  to  fairly,  low  temperature  surfaces.  Because  of  their 
high  cost  and  the  complexity  of  the  special  cooling  equipment  required,  they  are 
not  at  this  time  recommended  for  use  in  aircraft  fire  detection  devices.  There 
is  enough  radiant  energy  available  from  fires  in  other  spectral  regions  so  that 
more  conventional  detectors  can  be  used  satisfactorily.  In  general  the  exotic 
type  detectors  have  not  been  included  in  the  present  study.  One  detector  uhich 
is  sensitive  in  this  region  and  does  not  require  cooling  is  the  indium  antimonide 
PEM  (photoelectromagnetic)  detector.  This  unit  is  fairly  insensitive  and  is 
rather  costly,  but  it  could  be  used  where  the  detection  of  hot  objects  at  relatively 
low  temperatures  is  required.  This  could  be  necessary  where  a  slight  overheat 
condition  must  be  detected  at  the  earliest  possible  time. 

Both  diffusion  and  premixed  flames  radiate  considerable  energy  in  the  near 
infrared  region  extending  from  O.t  to  3  microns.  There  is  less  background 
radiation  from  sunlight  in  this  region  than  in  the  visible  spectrum,  but  there 
is  more  radiation  from  hot  bodies  than  in  the  visible  region.  This  situation 
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changea  with  the  wavalength;  at  3  microna,  a  aurtaca  at  250*F  might  ba  a  pro- 
blam>  while  at  0.8  microna.  the  aurfaca  would  have  to  ba  at  about  1000*F  to 
emit  aufiicient  background  radiation  to  compete  with  the  flame  radiation.  Of 
the  many  detectora  aenaitive  in  thia  region,  lead  aulfide  ia  the  one  moat  conunonly 
uaed,  and  the  moat  aenaitive.  At  the  lower  end  of  thia  region,  ailicon  photo¬ 
voltaic  detectora,  peaking  at  about  1  micron,  can  be  uaed.  Aa  mentioned  before, 
theae  would  be  leaa  aenaitive  to  background  hot  body  radiation. 

The  viaible  region,  extending  from  about  0.4  to  0.7  micron,  ia  characterized 
by  high  intenaity  radiation  from  aunlight  and  from  diffuaion  flamea  but  much  leaa 
ao  from  hot  bodiea  below  1000*F  or  from  premixed  flamea.  The  detectora  that 
are  aenaitive  to  light,  both  photoconductive  and  photovoltaic,  tend  to  be  relatively 
atable  and  very  aenaitive.  The  greateat  problem  in  operating  in  the  viaible 
radiation  region  ia  that  of  diacriminating  againat  background  energy,  particularly 
from  aunlight.  Poaaible  methoda  of  diacriminating  againat  aunlight  will  be  dea- 
cribed  later. 

Fire  detection  in  the  region  below  0.29  micron  haa  intriguing  advantagea  aince 
there  ia  negligible  radiation  in  thia  region  either  from  hot  engine  parta  or  from 
sunlight  at  altitudea  be  the  ozone  layer  at  about  90,000  feet.  The  only  funda¬ 
mental  diaadvantage  of  operating  in  thia  region  ia  that  the  ultraviolet  trana- 
miaaion  ia  very  greatly  reduced  by  oil  filma  on  the  detector  window.  The 
extreme  aenaltivlty  of  many  of  the  detectora  in  thia  region  helpa  to  overcome 
thia.  In  addition,  varioua  automatic  window  cleaning  tediniquea  (aee  para¬ 
graph  4. 5)  may  eliminate  the  problem.  The  praetieal  limitation  of  operating 
in  thia  region  at  preaent  ia  the  typea  of  detectora  available.  Theae  will  be  dia- 
cuaaed  in  detail  later,  but  they  can  be  claaaed  aa  a  group  aa  fragile,  high  voltage 
devicea  which  are  rather  bulky  in  compariaon  to  detectora  aenaitive  in  other 
regiona.  All  of  them  have  glaaa  or  glaaa-like  envelopea.  There  ia  great  need 
for  a  aolid  atate  detector  which  ia  aenaitive  in  thia  region.  Optical  methoda  of 
amoke  detection,  while  claaaified  aa  aurveillance  detection,  do  not  make  uae 
of  aelf  radiation  but  require,inatead,  the  uae  of  an  auxiliary  light  aource.  The 
preaence  of  amoke  can  be  detected  either  by  the  increaae  in  the  optical 
acattering  or  by  the  decreaae  in  the  tranamittance  of  the  atmoaphere.  The 
adage  "^ere  there  ia  amoke,  there 'a  Are"  ia  not  alwaya  true  where  aircraft 
amoke  detectora  are  concerned.  In  addition  to  amoke,  the  aircraft  amoke 
detector  ia  aubject  to  alarma  from  leaka  in  eiduiuat  linea  and  from  fog  conditiona. 
One  of  the  main  drawbacka  of  ayatema  that  have  been  uaed  in  aircraft  ia  that  they 
have  been  too  aenaitive.  When  combined  with  a  fiber  optic  ayatom^ , amoke 
detection  could  have  many  advantagea  on  an  aircraft.  The  final  determination  of 
whether  haaardoua  conditiona  were  preaent  would  be  left  to  the  crew  member 
who  waa  viewing  the  compartment  throuj^  the  fiber  bsandle.  In  aome  aircraft 
compartmenta  exceaaive  amoks  could  collect  before  a  aerioua  overheat  or  fire 
condition  existed.  With  a  comUnation  of  smoke  detection  and  fiber  optics,  craw 
members  would  bo  warned  of  a  potentially  dangerous  situation  and  could  taka 
early  corrective  action. 
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Discrimiluttion  M«thod« 


In  certain  wavelengtha  band*  of  the  a^ctnun.  radiation  from  sunlight  is  filtered 
out  by  the  atmosphere  so  that  these  hands  contain  virtually  no  solar  energy  at 
sea  level.  Detectors  sensitive  in  these  spectral  regions  are  termed  ** solar* 
bUnd". 

a.  The  Ultraviolet  Solar- Blind  Region 

The  first  such  region  of  Interest  here  is  the  ultraviolet  one  below  0.29  micron. 
The  ozone  layer  at  ninety  thousand  feet  above  the  earth  absorbs  practically  all 
of  the  ultraviolet  radiation  below  this  wavelength.  The  radiant  energy  emitted 
by  a  flame  in  this  region  is  very  small  compared  with  the  total  energy  emitted 
at  all  wavelengths,  but  it  is  very  substantial  in  comparlsen  with  simlight  below 
the  ninety  thousand  foot  level.  Also,  blackbody  radiation  from  hot  engine  parts 
is  insignificant  in  this  region.  Moreover,  highly  sensitive  ultraviolet  detectors 
have  been  made  which  will  reliably  detect  a  single  candle  flame  at  distances  up 
to  fifty  feet  in  broad  daylight. 

These  facts  would  indicate  that  this  is  the  ideal  region  for  the  detection  of  fires 
in  flight  vehicles  to  be  used  at  altitudes  below  ninety  thousand  feet.  In  theory 
this  is  true.  However,  there  are  many  limitations  to  any  method  developed  to 
date  utilizing  this  wavelength  region. 

The  first  problem  is  that  oil  and  grease  films  are  highly  opaque  to  ultraviolet 
energy.  This  opacity  greatly  varies  with  the  type  of  oil  used,  but  in  many  cases, 
a  thin  film  of  clean  oil  can  have  a  transmittance  of  less  than  10%,  and  in  some 
cases  even  less  than  1%  (see  Figure  26  in  Reference  134).  The  two  possible 
solutions  to  this  problem  are  either  to  use  a  detector  with  sufficiently  high 
sensitivity  to  overcome  the  loss  from  the  oil  film  or  to  use  a  window  cleaning 
technique  that  will  remove  or  prevent  the  formation  of  the  oil  film,  as  discussed 
in  Paragraph  4.  5.  In  many  applications,  high  sensitivity  would  be  sufficient  to 
overcome  the  problem.  Most  detectors  usable  in  this  region  are  very  sensitive, 
and,  as  mentioned  previously,  the  signal-to-background  ratio  for  flame  detection 
is  very  high.  For  these  reasons,  a  large  portion  of  the  signal  could  be  lost  and 
the  system  could  nevertheless  respond  to  the  remainder.  Also,  most  danger- 
zone  locations  in  Jet  or  rocket  engine  flight  vehicles  are  relatively  clean, 
especially  in  comparison  with  piston  engine  airplanes.  In  these  cases  a  periodic 
cleaning  of  the  detecter  window  at  the  time  of  engine  overhaul,  combined  with 
a  high  sensitivity  detector,  would  be  sufficient.  Where  there  is  considerable 
oil  film  buildup,  or  when  a  low  sensitivity  detector  is  used,  some  type  of 
automatic  window  cleaning  technique  will  be  necessary.  If  the  method  used 
does  not  remove  all  the  oil,  a  high  sensitivity  detector  would  have  to  be  used 
because  of  the  ultraviolet  attenuation  by  any  residual  film. 

A  second  limitation  stems  from  the  present  "solar-blind  UV"  detector  state  of 
the  art,  which  is  yet  in  its  infancy.  A  prime  requirement  of  the  detector  is 
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that  it  have  a  sharp  cut-off  below  0. 29  micron  and  that  it  have  virtually  no 
response  above  this  wavelength.  This  is  necessary  since  there  are  no  practical 
filters  available  for  use  at  this  wavelength,  and  therefore  all  discrimination 
has  to  be  in  the  detector  itself.  The  three  available  types  of  detectors  that  have 
the  required  characteristics  are  Geiger -Mueller  tubes,  arc  discharge  tubes, 
and  multiplier  phototubes  ('^photomultipliers''),  all  of  them  having  glass-like 
envelopes  or  windows.  All  operate  at  300  VOC  or  greater,  and  in  the  case  of 
photomultipliers,  may  require  up  to  2000V  DC.  These  detectors  are  discussed 
in  more  detail  in  Paragraph  4.2.2  on  photodetectors.  There  is  great  need  for 
the  development  of  a  UV  solid  state  detector  which  would  overcome  the  limitations 
of  the  presently  available  ones.  Such  a  detector  would  have  to  have  a  sharp  cutoff 
at  0.29  micron  as  stated  above  and  be  relatively  insensitive  to  temperature  changes 
If  such  a  detector  were  developed,  with  a  sensitivity  equal  to  that  of  the  Geiger- 
Mueller  tube,  it  would  be  the  ideal  fire  detector  for  practically  all  aircraft 
applications  and  many  space  vehicle  applications. 

b.  The  Infrared  Solar-  Blind  Regions 

A  second  solar-blind  region  is  the  infrared  one  at  2.7  microns,  in  udiich  sun¬ 
light  is  absorbed  by  water  vapor  and  carbon  dioxide  in  the  atmosphere.  There 
is  practically  no  radiant  energy  in  a  narrow  band  centered  around  2.7  microns 
from  sunlight  at  sea  level.  At  the  same  time ,  a  hydrocarbon  flame  emits  con¬ 
siderable  energy  in  the  same  band  due  to  the  emission  from  the  water  vapor  and 
carbon  dioxide  exhaust  products.  This  combination  offers  a  very  high  signal-to- 
background  ratio  and  therefore  good  discrimination  against  daylight  radiation. 
However,  since  the  absorption  is  due  to  the  atmosphere,  the  discrimination  is 
good  up  to  only  30, 000  to  50, 000  feet,  diminishing  gradually  as  the  altitude 
increases.  This  imposes  a  severe  limitation  on  this  system  when  used  in  high 
altitude  aircraft.  The  same  is  true  in  another  band  centered  at  4. 3  microns. 

This  band  offers  slightly  improved  discrimination  since  most  of  the  ahaorptlon 
is  due  to  carbon  dioxide  which  is  distributed  rather  evenly  through  the  atmosphere 
compared  with  the  water  vapor  which  resides  at  the  lower  altitudes.  However, 
most  of  the  detectors  sensitive  at  4.  3  microns  fall  into  the  high  cost,  exotic 
class,  requiring  special  cooling  and  therefore  this  band  will  not  be  considered 
here. 

In  order  to  utilise  the  2. 7  micronband,  very  narrow-band  filters  must  bs  used 
to  reject  all  radiant  energy  outside  tibia  band.  Such  filters  greatly  improve  the 
signal-to-background  ratio,  but  they  are  not  the  perfect  solution.  The  daylight 
levels  normally  sncountered  in  fli^t  vehicle  compartments  can  be  discrii^nated 
against,  but  the  detectors  should  be  located  so  that  they  are  not  subjected  to 
direct  sunlig^,  since  it  is  Amcult  to  discriminate  against  this  at  the  higher 
altitudes  (50, 000  feet  and  above). 

Another  problem  with  the  filters  is  that  they  obviously  limit  the  amount  of 
energy  reaching  cell*  This  mesas  that  the  signal  from  the  flame  erould  be  at  a 
lower  level  than  wiOout  the  fiUnr,  and  electrical  noise  from  the  circuit  becomes 
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a  preUam.  A  third  problam  is  that  calls  sansitlva  at  2. 7  microns  are  vary 
tamperatura  sansitlva.  so  that  for  high  tamparatura  usa,  2.7  micron  hand 
dataction  must  ba  comhinad  with  radiation  chopping  or  with  flickar  dataction. 
Thasa  ara  discussad  in  datail  latar. 

The  tamparatura  drift  of  load  sulfide  calls,  which  ara  commonly  used  for  near 
infrared  detection,  is  greatly  accentuated  whan  they  ara  used  to  detect  radiation 
in  the  2.7  micron  solar-blind  hand.  This  is  caused  by  tha  tamparatura  dapand- 
anca  of  the  long  wavelength  cutoff  of  these  calls.  This  cutoff  is  vary  sharp  and 
tha  cutoff  wavelength  dacraasas  as  the  call  temperature  increases.  At  room 
temperature  a  filtered  call  may  have  a  a«toff  of  3  microns  and  a  peak  response 
at  about  2.7  microns.  As  the  temperature  increases,  the  long  wavelength  cut¬ 
off  will  shift  to  wall  below  2.7  microns,  and  because  of  tha  sharp  cutoff  the 
signal  will  be  considerably  attenuated.  This  effect  is  added  to  the  decrease 
in  over-all  response  of  the  cell  as  the  temperature  Increases.  This  combination 
means  that  to  operate  a  cell  over  a  wide  temperature  range,  the  preampliffer 
used  with  the  detector  must  have  very  extensive  temperature  compensation. 

This  obviously  means  that  the  amplifier  must  be  in  the  same  physical  environ¬ 
ment  as  the  cell.  Such  placement  is  also  required  by  the  low  signal  from  the 
cell,  since  locating  the  preamplifier  remotely  would  mean  excessive  electrical 
pickup  in  the  leads. 

One  disadvantage  of  both  the  ultraviolet  and  the  infrared  solar  blind  systems 
(for  use  with  fiber  bundles)  is  that  the  detector  would  have  to  be  located  in  the 
compartment  being  monitored  rather  than  in  the  readout  module.  This  is  nec¬ 
essary  since  ordinary  glass  fiber  bundles  will  not  transmit  either  ultraviolet 
or  2.7  micron  infrared  radiation.  The  use  of  infrared  transmitting  fiber 
bundles  would  be  highly  expensive  at  the  present  time.  Thus,  the  remote 
mounting  location  would  impose  a  severe  temperature  problem  upon  the  detector. 
The  advantages  of  locating  the  detector  in  the  readout  module  will  be  discussed 
later. 

c.  Radiation  Level  Sensing 

Another  method  of  flame  detection  depends  simply  upon  the  anticipated  flame 
vs.  background  radiation  level  in  any  convenient  spectral  band,  such  as  the 
visible  or  near-infrared  ones.  In  such  a  system,  the  detector  triggering 
threshold  would  be  set  above  any  expected  background  radiation  level.  With 
this  detector,  the  spectral  characteristics  of  the  signal  and  background  sources 
are  immaterial,  since  the  detector  responds  only  to  the  amount  of  radiant  energy 
in  the  band  selected.  For  this  reason  the  detector  must  be  sensitive  in  the 
spectral  region  where  the  background  radiation  is  low.  The  ultraviolet  region 
below  0. 29  microns  is  an  ideal  example  of  radiation  level  detection  in  a  region 
of  very  low  background  energy.  In  the  case  being  discussed  now,  however,  we 
are  considering  detection  in  other  spectral  regions  where  there  may  be 
appreciable  background  radiation  present.  If  hot  surfaces  are  present,  the 
infrared  region  above  1 . 5  microns  cannot  be  uaed.  This  wavelength  limit  will 
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be  even  lower  for  hotter  objects.  If  the  sunlight  level  is  high,  the  visible  region 
where  most  of  the  energy  of  the  sun  is  concentrated  cannot  be  used.  The  usual 
situation  where  this  method  of  detection  can  be  used  to  advantage  is  where  the 
compartment  la  almost  completely  light-tight,  and  where  there  are  no  extremely 
hot  surfaces  in  the  compartment.  More  specifically,  there  should  be  no  hot 
objects  above  approximately  1000*F  (unless  the  surface  emissivlty  is  low)  and 
no  direct  8unll|^t  in  the  compartment.  The  small  amount  of  daylight  that  would 
be  permissible  in  the  compartment  would  be  determined  by  the  size  of  the  smallest 
fire  to  be  detected. 

With  some  sunlight  present,  it  would  be  best  to  eliminate  the  region  from  0.3 
to  0.8  micron  since  moat  of  the  radiant  energy  from  the  sim  is  concentrated 
there.  However,  if  there  is  much  hot  surface  radiation  in  the  background  it  may 
be  necessary  to  use  the  visible  radiation  region.  Where  the  compartment  is 
light-tight,  it  may  be  advantageous  to  use  this  region,  since  the  problem  of  hot 
surface  background  radiation  is  almost  completely  eliminated  and  there  are  many 
high  sensitivity,  economical  detectors  available  for  such  use.  Very  simple 
circuitry  can  be  used  with  these  detectors,  resulting  in  a  very  low-cost,  light 
weight  system.  In  situations  where  extremely  high  eensitivity  is  required,  the 
detector  may  have  to  be  temperature- compensated  or  the  radiation  chopped 
(modulated)  in  order  to  eliminate  temperature  drift.  Chopping  the  radiation  will 
help  eliminate  temperature  problems,  but  it  will  not  increase  the  signal-to- 
background  ratio. 

Where  there  la  the  possibility  of  an  occasional  flash  of  light  in  the  compartment, 
a  time  lag  of  about  0.  S  second  could  be  used  so  that  these  flashes  would  not 
trigger  the  system.  This  could  be  the  case  where  there  is  only  one  direction 
from  which  sunlight  could  enter  the  compartment  through  a  crack.  It  is  more 
probable,  however,  that  in  such  a  situation  there  would  be  a  case  in  which  the 
background  radiation  level  could  increase  and  thus  alarm  the  system.  If  the 
compartment  were  designed  so  that  this  could  occur  only  if  there  were  structural 
damage,  it  might  be  desirable  to  warn  the  pilot  of  the  situation  so  that  he  could 
view  the  compartment  through  the  fiber  bundle  to  determine  what  had  happened. 

d.  Two-band  Methods 


Where  the  background  radiation  level  is  too  high  for  the  use  of  flame -radiation 
level  as  the  sole  discrimination  means,  the  ratio  of  radiant  intensities  in  two 
wavelength  intervals  can  be  used  for  higher  discriminahillty.  This  method 
relies  on  the  difference  in  spectral  distribution  of  the  radiant  energy  from  a 
flame  and  that  from  a  continuous  radiator  or  blackbody.  For  anampls,  the 
spectrum  of  the  diffusion  flame  has  a  positive  slope  from  0.5  micron  to  1 
micron,  while  the  spectrum  of  simlight  has  a  Mgatlve  slope  here.  The  use  of 
two  detectors  in  a  balanced  circuit,  one  sensitive  at  each  end  of  this  region, 
affords  a  high  degree  of  discrimination  between  a  difAasien  flame  and  sunlight. 
However,  if  the  background  happened  te  be  a  bet  object  at  about  2000T,  tiiis 
system  would  provide  no  discrimination  at  all.  It  can  be  seen  that  again  the 
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problem  le  to  dotormiao  la  advmaeo  what  typoo  of  background  radiation  will  bo 
prooent.  It  la  practically  Imposalblo  to  predict  what  the  ratio  will  be  for  the 
background  or  flame  In  an  actu:  1  aircraft  installation,  and  the  problem  is  com¬ 
pounded  by  the  fact  that  the  ratios  for  premixed  and  di^sion  flames  differ 
greatly.  Also,  even  if  a  ratio  were  found  that  could  not  be  dtqtllcated  by 
background  radiation,  a  soot  or  oil  deposit  on  the  detector  window  could  change 
it,  caueing  the  detector  to  false  alarm  from  the  background  radiation.  This  would 
be  due  to  possible  selective  abeorption  by  the  oil  or  soot  films  on  the  window. 

If  a  red-blue  detector  were  used,  it  would  be  a  highly  effective  yellow-flame 
detector  in  locations  containing  little  background  li|^t.  However,  high  altitude 
or  premixed  flames  which  are  characterized  by  a  blue  color  could  not  be 
detected.  Also,  high  sunli^t  levels  would  inhibit  the  detector  response  so  that 
it  could  not  detect  any  flames,  and  red  lights  or  sun  sets  could  false- alarm  it. 

e.  Flame  Flicker  Recognition 

Chopping  the  radiation  has  been  mentioned  previously  in  connection  with  many 
of  the  detection  methods  but  is  discussed  in  detail  here  as  a  prelude  to  the  die- 
cuasion  of  flicker  detection. 

The  electrical  characteristics  of  most  photodetectors  are  very  sensitive  to 
small  changes  in  temperature.  If  the  DC  output  from  the  cells  is  used,  changes 
in  temperature  may  cause  as  much  signal  as  the  radiation  that  is  being  measured. 
These  changes  due  to  temperature,  or  temperature  drift,  can  be  eliminated  by 
chopping  or  modulating  the  radiation.  In  this  way,  the  radiation  being  measured 
is  proportional  to  an  AC  signal  from  the  cell  and  the  temperature  drift  problem 
is  eliminated.  In  some  cases  the  basic  sensitivity  of  the  cell  as  well  as  its  DC 
resistance  may  change  with  temperature,  in  which  case  temperature  compen¬ 
sation  of  the  amplifier  will  still  be  necessary.  It  must  be  stressed  that  the 
radiation  must  be  chopped,  and  not  the  electrical  signal,  in  order  to  have  any 
effect  on  the  temperature  drift.  Also,  it  is  beat  to  chop  only  the  radiation  being 
detected  rather  than  the  total  radiation  spectrum.  For  example,  if  2.7  micron 
infrared  radiation  is  being  detected,  a  chopper  blade  of  plastic  material  can  be 
used  so  that  visible  light  is  not  modulated.  The  plastic  blade  will  transmit 
visible  light  but  will  block  out  the  2.7  micron  energy  almost  completely.  The 
direct  approach  to  radiation  modulation  is  to  use  a  motor  driven  chopper.  This 
may  be  the  most  economical  method  but  it  has  many  disadvantages.  The  motor 
adds  weight  to  the  system  and  requires  electrical  power}  it  is  subject  to  bearing 
wear,  and  may  create  excessive  electrical  noise.  The  problem  of  electrical 
noise  can  be  reduced  to  some  extent  by  synchronous  rectiffcation. 

A  second  mechanical  chopping  means  which  shows  promise  but  which  has  not 
been  developed  extensively  is  the  use  of  a  coil-driven  tuning  fork  for  modulation. 
This  might  be  more  practical  than  a  motor  and  diere  are  no  parts  to  wear  out. 
Also,  the  chopping  rate  would  be  very  constant. 


Most  othsr  radiation  chopping  methods  are  impractical  for  fire  detection  be¬ 
cause  of  the  cost.  These  include  Kerr  cells  and  other  Ursfringent  modulators, 
scanning  interferometers,  and  semiconductor  free-carrier  modulators.  All  of 
these  devices  are  relatively  complex  and  expensive,  and  all  are  limited  to  rather 
narrow  fields  of  view.  There  are  many  other  proposed  methods  of  radiation 
modulation  that  have  not  been  tried,  but  these  will  not  be  discussed  here. 

There  is  one  method  of  getting  an  AC  signal  from  a  flame  without  chopping  that 
also  takes  advantage  of  a  unique  characteristic  of  all  flames.  This  is  by  means 
of  flame  flicker  recognition.  The  AC  signal  from  the  photodetector  resulting 
from  the  flame  flicker  is  Just  as  elective  in  eliminating  the  temperature  drift 
problem  as  is  a  chopped  radiation  signal.  The  most  important  reason  for 
using  flicker  detection,  however,  is  that  it  is  a  characteristic  of  a  flame  that 
in  most  cases  will  not  be  duplicated  in  the  background  radiation.  The  flicker 
is  always  present  in  accidental  fuel  fires  and  is  always  of  sufilcient  modulation 
ratio  to  be  distinguishable  against  ordinary  backgrounds.  The  flicker  frequencies 
of  such  flamss  are  at  a  maximum  at  between  2  and  20  cycles  per  second. 

Higher  frequencies  are  also  present  in  premixed  flames,  but  there  is  generally 
enough  modulation  amplitude  in  this  range  to  be  detectable .  If  a  high  sensitivity 
detector  is  located  where  the  temperature  conditions  are  not  too  severe, 
relatively  simple  circuitry  can  be  used.  AC  amplifers  are  usually  less  com¬ 
plex  than  DC  amplifiers  with  corresponding  gain.  Obviously,  if  the  signal  from 
the  detector  is  very  small  due  to  a  low  sensitivity  detector  or  because  of  temp¬ 
erature  compensation,  the  circuitry  will  be  more  elaborate  and  costly.  In 
flicker  detection,  the  total  radiation  from  the  flames  is  incident  upon  the  cell. 

For  this  reason,  a  cell  must  be  used  that  does  not  saturate  at  high  radiation 
levels.  If  otherwise,  when  a  large  flame  front  was  present  the  total  radiation 
from  the  flame  might  be  sufficient  to  lower  the  sensitivity  of  the  detector  so 
that  it  would  not  see  the  flame  flicker.  In  such  a  situation,  the  detection  system 
would  clear  when  there  was  still  a  large  fire  present. 

Flame  flicker  recognition  cannot  be  used  where  background  radiation  is  ex¬ 
cessively  hi^.  There  is  always  the  chance  that  the  background  radiation  may 
be  modulated  by  vibrating  reflecting  surfaces,  by  reflections  from  water  waves, 
by  air  currents  or  by  rain.  M^eltght  is  sometimes  modulated  by  hot  air  currents 
in  the  flicker  frequency  hand.  Most  of  these  problems  can  be  avoided  by  pro¬ 
per  placement  of  the  detectors. 

When  used  wisely,  flicker  detection  can  be  the  simplest  and  most  reliable 
single  method  of  detectioa  for  use  in  flight  vehicles.  When  used  in  con¬ 

junction  with  visible-band  or  near-infrared  detectors,  it  allows  the  possibility 
of  dstector  placenMnt  wittin  the  fiber  bundle  readout  module. 

f.  Combination  Methods 


Where  an  extremely  hi|^  degree  of  reliability  is  required,  two  difiorent  methods 
or  channels  of  discrimination  can  be  combined.  Usually  this  would  consist  of 


flickar  rtcognition  combined  with  one  of  the  dlecriminatlon  methods  described 
earlier.  By  such  means,  if  each  channel  had  a  chance  of  false  alarm  once  in 
'*n"  flight  hours,  the  combination  of  two  such  channels  would  offer  a  probability 
of  false  alarm  only  once  in  "n^"  flight  hours. 

Possible  combinations  are  flicker  and  initial  flame  rate  of  rise,  or  flicker  and 
radiation  level.  Both  of  these  rely  on  the  fact  that  the  modulation  ratio  due  to 
flicker  is  always  leas  than  unity.  When  either  of  these  systeme  is  used,  great 
care  must  be  taken  to  engure  that  the  second  channel  is  really  adding  additional 
information.  In  the  case  of  detecting  the  initial  rate  of  rise  of  the  flame,  the 
time  constant  must  be  adjusted  so  that  the  flicker  rate  cannot  trigger  this  channel 
of  the  detector.  Otherwise,  flame  flicker  will  be  actuating  both  channels,  and 
there  will  be  actually  only  one  source  of  information.  In  the  case  where  the 
radiation  level  is  used  as  the  second  channel,  the  background  radiation  may  be 
sufficient  to  trigger  this  channel,  in  which  case  the  only  property  of  the  flame 
being  detected  is  the  flicker.  Also,  with  this  system  it  may  be  difficult  to  temp¬ 
erature- stabilise  the  radiation  level  part  of  the  circuit.  One  very  satisfactory 
fire  detection  system  uses  flame  flicker  recognition  in  the  solar  blind  2.7  micron 
band.  This  system  affords  very  high  discrimination  against  most  normally 
encountered  radiation  background  conditions.  However,  it  still  has  the  altitude 
limitation  of  30,000  to  50,000  foot  altitudes  where  solar  absorption  is  reduced, 
and  the  spectral  pass  bands  of  modern  glass  fibers  would  not  permit  the  detector 
to  be  placed  in  the  readout  module.  Using  flicker  in  this  band  does  eliminate  the 
need  for  chopping  the  radiation,  but  the  circuit  required  is  still  relatively  com¬ 
plex.  Also  there  is  the  temperature  limitation  of  about  250*F  for  detectors 
sensitive  in  this  band.  Cooling  methods  to  raise  this  temperature  limit  will  be 
discussed  shortly. 

Detector  Location 


When  used  in  conjunction  with  a  fiber  optic  system,  the  detection  system  offers 
the  choice  of  being  located  either  in  the  remote  compartment  being  surveyed  or 
in  tie  readout  module.  Both  have  definite  advantages  depending  on  the  circum¬ 
stances.  The  main  advantage  of  mounting  the  detector  in  the  fiber  bundle  pick¬ 
up  head,  where  it  views  the  compartment  directly,  is  that  the  detector  is  not 
lixhited  by  the  spectral  transmission  capabilities  of  the  fiber  bundle.  This 
location  would  be  required  for  ultraviolet,  2.7  micron  infrared,  heat,  or  possibly 
smoke  detection. 

If  detectors  sensitive  in  the  spectral  pass-band  of  glass  were  mounted  remotely, 
the  signal  would  be  greater  than  otherwise  since  it  would  not  be  attenuated  by  the 
fiber  bundle. 

One  limitation  of  locating  the  detector  in  a  remote  area  might  be  the  maintenance 
problem.  Of  even  greater  importance  could  be  the  temperature  problem  in  this 
area.  As  the  performance  capabilities  of  modern  flight  vehicles  are  expanded, 
there  is  a  corresponding  increase  in  the  environmental  temperatures  encountered 
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in  hasard  datactlon  problams.  If  a  datacter  ia  found  that  will  andura  tha  high 
tamparatureii  it  ia  prohabla  that  tha  aasociatad  circuitry  will  hava  to  ba  locatad 
in  a  cooler  region.  Thia  impliea  long  electrical  lead  langtha  between  tha  detecting 
call  and  the  amplifier  and  poaaible  electrical  pick-up  problema  on  theae  leada. 

With  aome  cella,  thia  can  be  overcome  by  uaing  very  low  Impedance  circuita. 
Where  the  temperature  ia  a  compartment  ia  unauitable  for  the  detector,  aome 
method  of  cooling  would  have  to  be  uaed.  In  many  caaea  thia  would  add  un¬ 
warranted  complexity  to  the  ayatem,  but  in  othera  it  would  be  the  only  meana  of 
providing  reliable  fire  detection.  In  same  caaea  where  high  temperaturea  are 
encountered  for  only  brief  perloda,  thermal  lagging  by  meana  of  inaulation  may 
be  aufflcient  to  overcome  the  problem.  Thermoelectric  coolera  have  been  im¬ 
proved  extenaively  during  the  laat  few  yeara,  and  theae  are  probably  the  beat 
cooling  devlcea  for  uae  with  thermal  detectora.  Temperature  differencea  of  one 
hundred  or  more  Fahrenheit  degreea  are  obtainable  with  them  at  moderate 
operating  power  levels.  Theae  devices  in  effect  pump  heat  from  the  unit  being 
cooled  to  the  surrounding  envirounent.  One  limitation  is  that  the  ambient  temp¬ 
erature  in  which  presently  obtainable  devices  will  work  is  limited  to  about  300 *F. 
Also,  they  reqxiire  very  large  currents  at  vary  low  voltages  which  woidd  nec¬ 
essitate  the  use  of  heavy  lead  wires  from  a  specially  designed  power  supply. 

Another  device  of  poaaible  interest  for  cooling  photodetectors  and  vdilch  has  not 
bean  extensively  developed  la  the  Hilsch  or  vortex  tube  which  has  been  described 
extenaively  in  the  literature,  such  aa  in  References  119  to  123.  In  thia  device 
compressed  air,  possibly  from  a  jet  engine  compressor  section,  would  be  used 
aa  the  power  source.  By  expansion  through  a  vortex  configuration,  two  streams 
of  air  are  obtained,  one  being  hotter  and  the  other  cooler  than  the  incoming  air. 
Single  experimental  units  have  achieved  a  temperature  reduction  aa  of  much  aa 
140  Fahrenheit  degrees  from  the  inlet  air.  Extensive  cooling  might  be  achieved 
by  cascading  such  unite. 

In  most  cases,  cooling  systems  add  considerable  complexity  to  a  detection  system. 
This  can  be  avoided  by  locating  the  detection  system  in  the  readout  module  rather 
than  in  the  remote  compartment.  Since  this  module  will  be  in  a  manned  compart¬ 
ment,  temperatures  obviously  cannot  be  too  extreme.  One  drawback  of  such  a 
system  is  that  the  jdiotodetector  is  limited  to  a  wavelength  band  that  can  be 
transmitted  by  the  fiber  bundle.  Also,  the  signal  will  be  somewhat  attesauated 
by  the  fiber  bundle.  In  most  eases  these  limitations  are  mere  than  compensated 
for  by  the  lower  ambient  temperature,  reliability  (elimination  of  lead  wires, 
shorting  and  pickup  problems),  and  ease  of  maintenance  la  this  location.  One 
advantage  to  this  system  is  that  a  detector  can  bo  chosen  that  will  see  uhat  tho 
pilot  sees.  Another  advantage  #f  locating  the  detector  in  the  readout  module  is 
that  testing  the  system  is  made  easier)  all  that  is  necessary  is  a  test  light  locdted 
at  the  remote  end  of  the  4^'  bundle  where  it  cdn  verify  both  bundle  integrity  and 
system  response  at  obo  time. 
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Def  ctlen  Syt«m»  For  With  Flbr  Optlci 

At  can  scan  from  tho  provioui  dlscuaaion,  tho  dotoction  syotem  to  b«  uaod 
In  a  }>articular  inaUUatlon  will  dopend  to  a  groat  oxtont  upon  tho  onvlronmontal 
condition!  in  tho  aroa.  particularly  tho  background  radiation.  Throo  systoms 
for  difforent  location!  will  bo  doocribod. 

The  moot  common  oituation  in  modorn  high  porformanco  flight  vohlcloo  io  the 
relatively  light-tight  compartment.  Thlo  ia  in  contraot  with  tho  pioton  engine 
airplane  where  the  engine  compartment  io  relatively  open.  For  the  Jet  engine 
caee,  we  aaeume  that  there  ia  no  direct  aunllght,  no  extremely  hot  or  glo^ng 
aurfacea,  and  only  a  lew  daylight  background  level.  In  ouch  a  aituatien.  the 
recommended  ayatem  detecta  light- level  only,  with  the  detector  located  in  the 
readout  module,  and  ''looking"  through  the  fiber  bundle.  If  an  occaaional  flaah 
of  light  might  enter  the  compartment,  auch  aa  throu^  a  crack  in  the  akin,  a 
time  delay  of  0.  5  aecond  could  be  incorporated  into  the  circuitry.  Such  a  ayatem 
would  offer  eaae  of  maintenance  and  low-coot,  aimple  circuitry  with  Ita  attendant 
high  reliability  and  low  weight.  Alao,  when  ope  ruling  in  the  viaible  radiation 
region,  the  ayatem  will  "aeo"  what  the  pilot  aeea.  Thia  ia  the  ayatem  oelected 
for  uoe  in  the  experimental  breadboard  aaaembled  for  evaluation  and  deacribed 
in  Section  5.  The  circuitry  will  be  diacuaaed  in  Paragraph  4. 2.  3. 

The  aecond  aituatlon  to  be  conaidered  ia  where  there  ia  no  direct  aunlight,  but 
where  there  ia  conaiderable  background  light  or  hot  body  radiation.  In  thia 
caae,  radiation  level  detection  would  not  auffice,  the  recommended  method  of 
dl  a  crimination  being  the  uae  of  flicker  detection.  For  aimpUcity,  the  detectora 
ahould  be  in  the  readout  module,  aa  before.  The  circuitry  would  be  only 
alightly  more  complex  than  that  of  the  light-level  detector.  If  occaaional  high 
background  light  levela  ahould  be  anticipated  in  the  target  compartment  under 
certain  aituationa,  auch  aa  if  the  vehicle  were  flying  directly  toward  the  aun,  a 
two-color  ayatem  could  be  uaed.  In  thia  caae,  die  two-color  ayatem  would  not 
be  for  diacrimination  againat  normal  background!,  aa  deacribed  previoualy, 
but  for  "locking  out"  the  ayatem  under  unuaual  background  radiation  conditiona. 
In  other  worda,  normal  detection  would  be  by  meana  of  flicker  recognition,  but 
if  the  background  level  were  extremely  high,  auch  aa  from  direct  aunlight,  the 
ayatem  would  be  inactivated.  In  aome  caaea,  however,  high  light  levela  might 
occur  only  if  there  were  physical  damage  to  the  vehicle.  In  thia  caae,  the  pilot 
might  want  to  have  an  alarm  ao  that  he  could  view  the  remote  area  to  determine 
the  extent  of  the  damage.  For  auch  a  aituation,  the  two-color  lockout  would  not 
be  neceaaary. 

A  concluaion  to  be  drawn  from  the  diacuaaion  ao  far  ia  that  an  array  of  photo¬ 
electric  haxard  detection  technique!  ia  available,  but  that  in  order  for  one  to 
derive  the  fuUeat  value  from  the  capabilitiea  which  they  have  to  offer,  he  muat 
give  conaiderable  thought  to  the  typea  of  aignal  radiation  and  background  radia¬ 
tion  which  muat  be  diatinguiahed,  and  he  muat  aelect  the  ayatem  accordingly. 
Modem  technology  doea  not  offer  an  "automatic,  udlveraal  haaard  detector"; 
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ev*n  a  trained  human  observer  can  be  deceived  by  complex  visual  situations. 

Thus,  the  effectiveness  of  an  automatic  detection  system  in  a  given  application 
depends  largely  upon  the  ability  of  the  designer  to  anticipate  every  unusual 
combination  of  radiation  or  other  enviroximental  conditions  which  might  occur 
in  that  application,  no  matter  how  improbable  their  occurrence  might  be. 

The  third  situation  which  we  consider  is  where  there  is  a  high  background 
radiation  level  present.  As  discussed  earlier,  some  distinguishing  characteristic 
of  the  flame  must  be  selected  as  the  basis  for  automatic  detection  and  discrim¬ 
ination.  In  extreme  cases  of  high  background  light,  an  oriented  bundle,  or 
fiberscope,  may  have  to  be  used  in  order  for  the  pilot  to  distinguish  the  flame 
from  the  background.  An  ultraviolet  detector  in  the  picktq>  head  would  be  an 
ideal  detector,  but  it  is  not  practical  at  this  time.  The  best  system  for  this 
application  would  be  flicker  detection  in  the  2.7  micron  infrared  band.  This 
system  is  relatively  expensive  and  is  limited  to  ambient  temperatures  of  about 
250 *F,  but  it  offers  very  high  reliability. 

In  the  foregoing  discussion,  many  references  have  been  made  to  "low”  or  "hig^" 
light  levels  to  "relatively"  dark  compartments.  Quantitative  values  have  not 
been  quoted  for  either  flame  or  baclq;round  radiation  levels.  Unfortunately  it 
is  impossible  to  specify  the  exact  flame  sixe  that  should  be  detected  or  the  back¬ 
ground  level  which  should  be  rejected  in  various  fli|^t  vehicles,  for  these  vary 
widely  from  one  case  to  the  next.  This  is  unfortunate,  for  it  is  very  difficult 
to  specify  a  reliable  surveillance  fire  detector  for  a  given  application  without 
having  such  knowledge.  A  program  should  be  initiated  to  measure  the  radiation 
in  discrete  spectral  bands  in  various  critical  areas  of  flight  vehicles.  This 
would  greatly  increase  the  reliability  of  fire  detectors,  and  the  information 
would  also  be  useful  in  the  design  of  other  components  and  assemblies. 

4.2.2  Evaluation  of  Existing  Photodetectors 

An  evaluation  has  been  made  of  existing  photodetectors  that  might  concsivably 
be  useful  for  aircraft  fire  detection  in  conjunction  with  fiber  optic  verification 
systems.  An  attempt  has  been  made  to  ol^in  data  on  all  useful  cells  manu¬ 
factured  in  the  United  States  and  on  cells  manufactured  by  some  well  known 
foreign  firms.  Characteristics  which  were  evaluated  included  electrical, 
spectral  and  physical  characteristics  and  suitability  for  aircraft  environments. 

In  addition,  special  characteristics  such  as  solar-blind  cells  were  also  con¬ 
sidered. 

There  are  two  types  of  cell  that  were  not  studied  in  detail  in  this  report,  although 
some  of  them  are  listed  for  cemparison  purposes.  The  first  type  inchidee  the 
standard  photoosaissive  and  multiplier  tubes*  These’hni 

glass  eavelepes,  are  relatively  large,  operate  on  hi^  voltages  and  are  generally 
unsuitable  for  aircraft  eavironmeads.  Aloe  they  have  ns  inherent  advantages  ever 
the  photeceadttctlve  or  photovoltaic  cells.  Their  spectral  rssponses,  which  are 
usually  given  "f"  numbers  (S-1  to  f-ZI),  cover  the  spectral  regien  from  the  near 
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ultraviolst  to  the  near  infrared,  which  ie  in  general  the  same  region  covered  by 
photoconduetive  celle.  An  exception  has  been  made  with  solar-blind  ultraviolet- 
sensitive  phototubes  which  have  unique  characteristics  for  fire  detection. 

The  second  class  of  cells  that  has  not  been  covered  are  the  cooled  cells,  sensitive 
in  the  intermediate  and  far  infrared.  Representative  types  are  photoconduetive 
or  photovoltaic  indium  antimonide,  lead  telluride,  and  the  doped  germanium  and 
germanium- silicon  cells.  These  require  cooling  by  liquid  nitrogen  or  other 
methods  to  cryogenic  temperatures  for  operation.  The  expense  and  complexity 
of  both  the  cells  and  the  cooling  devices  are  not  warranted  for  fire  detection  uses 
cells  that  operate  at  room  temperature  or  above  will  give  just  as  satisfactory 
results,  considering  the  relatively  large  radiation  signals  provided  by  accidental 
fires  and  the  rather  nearby  locations  from  which  they  may  generally  be  detected. 

Two  charts  have  been  constructed  for  comparison  of  the  various  types  of  cells. 

The  first  chart,  shown  as  Table  9,  lists  certain  photocell  characteristics.  These 
include  tiie  sensitive  material,  the  mode  of  operation,  peak  response  and  50% 
response  wavelengths,  the  sensitivity.  Impedance,  time  constant,  sensitive  area, 
price  and  operating  temperature. 

The  second  chart,  shown  as  Figure  61,  shows  the  principal  wavelength  response 
regions  of  the  various  types  of  cells,  between  the  half-power  points,  and  the 
peak  response  wavelengths  are  Indicated  also.  A  plot  of  the  spectral  transmittance 
of  a  six-foot  fiber  bundle  is  drawn  on  this  chart  for  comparison  purposes. 

These  charts  are  useful  as  a  comparison  between  the  various  types  of  cells  and 
as  an  aid  in  selecting  a  cell  for  a  particular  application.  However,  the  data 
sheets  for  the  individual  cello  are  needed  to  obtain  complete  information.  In 
the  sensitivity  column  of  Table  9,  it  is  often  difficult  to  make  a  direct  comparison 
between  the  cells  because  different  units  are  used  for  different  types  of  cell. 

In  general,  the  charts  arc  self-explanatory.  However,  some  of  ffie  photo¬ 
detectors  have  unique  characteristics  which  are  difficult  to  put  in  chart  form. 

This  is  particularly  true  of  the  solar-blind  ultraviolet  sensitive  photo  cells. 

There  are  four  types  of  tubes  in  this  classification;  the  vacuum  photodiode,  the 
multiplier  phototube,  the  photon  counter  or  Geiger-Mueller  tube  and  the  glow 
discharge  tube.  The  first  three  types  use  cesium  telluride,  rubidium  teUuride 
or  pure  metal  cathodes.  The  Geiger-Mueller  tubes  are  available  in  self- quenching 
or  externally- quenched  types.  In  the  fourth  classification  is  the  glow  discharge  tube. 
This  device  has  a  glass-like  envelope,  as  do  all  the  other  solar  blind  ultraviolet 
tubes,  but  it  is  rated  to  stand  20  G  acceleratien  up  to  at  least  1000  cycles  per 
second.  Its  main  disadvantages  are  its  relatively  large  else,  (1-1/t  laches  in 
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diameter  by  1-1/4  inchca  long),  and  the  fact  that  it  haa  to  operate  on  700  volte 
AC.  In  contrast  to  the  very  low-current  Geiger-Mueller  tubes,  this  tube  is 
self- quenching  and  can  conduct  up  to  25  ma.  In  the  visible  region  of  the  spectrum, 
the  two  types  of  cell  useful  for  fire  detection  are  photovoltaic  and  photoresistive 
(or  photoconductive) .  The  materials  customarily  used  for  photovoltaic  cells  are 
selenium,  silicon  and  gallium  arsenide.  They  have  the  advantage  over  photo¬ 
resistive  cells  that  the  signal  is  self- gene  rating  so  that  no  bias  voltage  is  needed, 
but  the  output  signal  is  small  so  that  considerable  amplification  is  needed. 

The  most  commonly  used  photoresistive  cells  are  cadmium  sulfide  amd  cadmium 
selenide.  Also,  some  of  the  photovoltaic  cells  can  be  used  photoresistively  by 
back-biasing  them.  In  the  demonstrator  constructed  under  this  contract,  a 
cadmium  selenide  cell  was  used.  It  has  excellent  temperature  characteristics 
and  a  peak  spectral  response  that  corresponds  to  the  peak  radiation  of  the 
diffusion  flames.  This  more  than  offsets  the  fact  that  the  spectral  response  of 
cadmium  sulfide  corresponds  better  to  the  transmittance  of  the  fiber  bundle. 

These  cells  have  very  high  output  so  that  very  little  amplification  of  the  signal 
is  needed. 

In  the  near  and  intermediate  infrared  region,  the  most  conunonly  used  cells  are  . 
lead  sulfide,  lead  selenide  and  indium  antimonide.  Lead  sulfide  is  by  far  the 
most  widely  used.  All  of  these  cells  show  higher  sensitivity  when  cooled,  but 
they  can  be  used  at  room  temperature  or  above.  Lead  sulfide  cells  have  been 
used  up  to  400'F,  but  the  signal  is  extremely  dependent  on  temperature  and 
extensive  temperature  compensation  is  needed.  Since  the  long  wavelength  cut¬ 
off  is  also  heat -sensitive,  the  temperature  dependence  is  accentuated  when 
lead  sulfide  is  used  in  the  solar  blind  configuration  udth  a  2.7  micron  filter. 

For  this  use,  the  upper  temperature  limit  is  about  250*F.  Indium  antimonide 
photo- electromagnetic  cells  are  sensitive  out  to  about  seven  microns  and  can 
be  used  at  room  temperature  or  slightly  above. 

Although  these  cells  have  a  much  lower  signal  to  noise  ratio  than  lead  sulfide, 
they  might  be  useful  as  solar  blind  fire  detectors  in  the  2.7  or  4.  3  micron  bands. 

4.  2.  3  Photodetection  Circuitry 

The  discussions  in  the  foregoing  paragraphs  have  pointed  out  that  each  detection 
problem  must  be  solved  by  the  selection  of  an  appropriate  detector  and  by  the 
choice  of  a  suitable  electronic  method  of  using  the  detector.  Once  these 
decisions  have  been  made  for  a  given  system,  the  selection  or  design  of  an 
appropriate  circuit  must  be  undertaken. 

Many  standard  circuits  are  avail^de  in  the  technical  literature  for  use  with 
the  known  photodetectors.  In  the  commercial  design  of  photoelectric  fire 
detectors,  it  is  common  practice  to  employ  modified  forms  of  the  standard 
circuits  or,  more  often,  to  design  completely  new  ones  to  meet  specialised 
environmental  or  detection  problems  which  are  not  encountered  in  other  applica- 
tiens  of  photodetectors. 
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Savaral  "d«t*ction-med«  philet*phi«f"  have  b««n  described  in  Paragraph 
4.  2. 1  and  some  of  them  have  been  iaveatigated  in  detail  during  this  effort 
with  attention  to  special  problems  posed  by  the  possible  use  of  a  fiber 
bundle  as  an  integral  component  in  the  detection  system.  The  principal 
problem  introduced  bv  the  use  of  fiber  bundles  is  the  loss  of  radiant  energy 
in  long  bundles  and  the  reduced  signal  available  to  the  detector  when  it  is 
used  at  the  viewing  end.  The  problem  is  not  insurmountable;  it  is  merely 
unconunon  in  ordinary  photoelectric  fire  detection  design  practice  where  one 
is  accustomed  to  dealing  with  larger  flame  signals.  Solutions  to  the  reduced - 
flame- signal  problem  are  readily  achieved  with  some  extra  thought  on  the 
part  of  the  circuit  designer. 

As  an  example,  we  shall  describe  a  particular  circuit  which  has  been 
developed  under  this  effort  as  a  part  of  the  fiber  optic  demonstrator  described 
in  Section  5.  The  design  criterion  was  based  on  the  "radiation  level"  sensing 
of  diffusion  flames  as  viewed  by  the  detector  through  a  25-foot  length  of  light 
pipe.  The  detector  chosen  was  of  the  cadmium  selenide  type  with  a  peak 
response  at  about  735  millimicrons  and  with  appreciable  sensitivity  to  long- 
wavelength  visible  light  and  to  short-wavelength  near-infrared  radiation. 

The  system  was  designed  to  operate  at  low  to  moderate  levels  of  background 
radiation,  as  might  be  encountered  in  jet  engine  spaces  and  in  parts  of  some 
piston  engine  spaces.  To  accommodate  various  background  levels,  the  bread¬ 
board  model  was  provided  with  a  "High-Low"  sensitivity  selector  so  that  the 
circuit  would  alarm  when  the  detector  was  illuminated  by  either  50  or  10  foot 
candles  of  flame  signal.  Test  lamps  were  provided  within  the  fiber  bundle 
objective  lens  assembly  (see  Fig.  58c)  and  are  activated  by  a  "Press  to  Test" 
switch  on  the  control  panel  (tee  Fig.  59). 

The  circuit  diagram  is  presented  in  Fig.  44.  Briefly,  the  photodetector  is 
located  in  a  bridge  circuit  --  its  electrical  resistance  decreasing  in  response 
to  a  light  signal  --  providing  an  increase  in  the  signal  current  entering  a 
current  amplifier.  When  the  amplifier  output  reaches  a  predetermined  level, 
it  triggers  a  free-running  multivibrator  which  operates  at  a  rate  of  five  cycles 
per  second.  The  multivibrator  output  is  fed  into  a  switching  circuit  which 
actuates  the  alarm  lamps  on  the  control  panel. 

In  greater  detail,  the  circuit  operates  as  follows.  The  detector  comprises 
one  of  two  legs  of  a  bridge  circuit  whose  output  is  fed  to  the  base  of  the 
transistor  Q..  In  response  to  a  light  signal,  the  increased  photodetector 
current  is  fed  into  the  base  of  Q|  and  amplified.  A  voltage  is  thus  established 
across  CR2  and  sufficient  current  is  supplied  through  R4  to  the  base  of  transistor 
Q2  to  switch  it  partially  on.  With  Q2  partly  conducting,  a  current  is  fed  through 
R^  and  the  thermistor  to  the  bass  of  Q3  and,  in  turn,  amplified  by  transistors 
end  Q..  Positive  fsddback  from  the  collector  of  through  Rg  causes  Qj  to 
switch  fully  on.  A  voltage  is  built  up  across  C 2  sis  a  result  of  current  flow  tuoug 
R22  from  Q^.  This  voltage  across  yields  sufficient  current  through  R^  to 
tunnel  diode  CR3  to  switch  it  from  its  low  voltage  state  to  its  high  voltage  stats. 
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Transistor  Q,  is  then  switched  off  by  the  voltage  developed  across  CR3  and 
the  voltage  across  capacitor  Ci  is  allowed  to  decay,  thus  returning  CR3  to 
its  low  voltage  state.  Transistor  Q2  will  again  begin  to  conduct  provided  that 
sufficient  signal  is  supplied  through  R^.  The  network  consisting  of  Q2,  Q^, 

Q4,  CR3  and  other  related  components  acts  as  a  free  running  multivibrator 
at  a  rate  of  5  cps  provided  that  sufficient  current  is  supplied  through  resistor 

R4. 

A  thermistor  activated  temperature -compensating  network  in  the  collector 
circuit  of  Q2  provides  a  stable  operating  point  over  the  temperature  range 
from  -65*  F  to  /  165*  F.  Zener  diode  voltage  regulation  has  been  provided 
in  the  first  transistor  stage  to  stabilize  the  light  sensitivity  of  the  alarm 
circuit  in  the  event  of  supply  voltage  variations  of  alO%.  In  the  collector 
circuit  of  Q4  (a  power  transistor)  are  lamps  which  provide  the  visual  indica¬ 
tion  of  an  alarm  condition. 

4.2.4  Combined  Photo  and  Thermal  Detection 

Modern  electronic  hazard  detection  techniques  provide  aircraft  designers 
with  the  options  of  a  "flame -only"  detector  and  a  "flame-plus-overheat" 
detector.  The  former  would  be  used  where  fires  were  to  be  detected 
against  backgrounds  of  surfaces  whose  normal  operating  temperatures  were 
fairly  high  or  where,  for  some  other  reason,  an  overheat  alarm  was  not 
desired  from  the  detector.  In  the  other  situation,  it  may  be  desired  that  the 
detector  respond  not  only  to  accidental  fires  but  also  to  engine -overheat  con¬ 
ditions  above  a  certain  temperature  threshold. 

Depending  upon  whether  or  not  that  threshold  were  compatible  with  the  flame- 
detection  threshold  as  "seen"  by  the  detector,  it  is  often  possible  to  combine 
the  separate  functions  into  a  single  one  by  a  suitable  choice  of  the  photodetector 
and  circuitry.  In  particular,  those  photodetectors  which  are  sensitive  to 
energy  of  greater  wavelengths  in  the  infrared  region  will  also  be  able  to  respond 
more  readily  to  hot  surface  radiation  in  the  lower  temperature  range;  by  con¬ 
trast,  the  ultraviolet  sensitive  flame  detectors  mentioned  earlier  would  respond 
to  incandescent  surface  radiation  of  only  the  highest  order. 

A  combined  flame -plus -over heat  detector  would  provide  an  alarm  in  the  case 
of  either  a  fire  or  an  overheat  condition,  but  it  would  not  distinguish  between 
the  two.  If  such  a  distinction  were  required  of  the  system,  then  a  minimum  of 
two  detection-transducers  should  be  used.  If  they  were  electrically  CMnpatible, 
their  output  signals  could  be  amplified  by  a  single  (but  sophisticated)  circuit 
which  could  then  actuate  either  a  "flame"  or  an  "ovsrheat"  alarm,  as  appro¬ 
priate.  If  the  detectors  were  widely  different,  as  in  the  case  of  a  fast- 
responding,  low-impedaace  phetodetector  versus  a  slower,  high-impedance 
thermal  detector,  separate  circuits  would  be  mere  appropriate.  In  such  a 
case,  the  thermal  or  overheat  detector  is  best  located  at  ths  fhr  end  of  the 
fiber  bundle  if  temperatures  far  below  the  incandescent  image  are  to  be 
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indieatad  for  most  of  tho  SMrgy  rodiatsd  by  such  surfaces  is  in  tbs  longer 
wavelength  infrared  region  which  is  not  transmitted  by  glaes  fiber  bundles. 
(However,  see  Paragraph  3. 1. 10  for  a  discussion  of  infrared-transmitting 
fibers. ) 

On  the  other  hand,  if  the  overheat  threshold  temperatures  are  Just  below  or 
within  the  incandescent  range,  the  substantial  near-infrared  transmiseion 
capabilities  of  glass  fibers  will  often  permit  the  placement  of  the  overheat 
detector  at  the  viewing  end  of  the  bundle.  However,  as  the  overheat  threshold 
temperature  ie  raieed,  there  ie  a  greater  likelihood  that  the  flame  detector 
will  respond  to  an  overheat  condition,  and  if  this  situation  ie  not  desirable, 
then  particular  thought  must  be  given  to  the  choice  of  flame  detection  eystem 
so  that  it  will  respond  more  eelectively. 

In  any  case,  the  earlier  suggestions  applying  to  the  location  of  the  flame¬ 
sensing  transducer  (pickup-end  versus  viewing-end)  are  still  applicable 
except  as  dictated  by  extreme  requirements  of  flam.e-versus-overheat 
discrimination,  in  which  case  an  appropriate  flame  sensor  would  be  an  ultra¬ 
violet  detector  placed  directly  within  the  danger  xone. 

4.2.5  Detector -to-Fiber-Bundle  Couplings 

In  cases  where  the  detector  is  to  be  located  within  the  readout  module  in  order 
to  view  the  danger  zone  through  the  fiber  bundle,  the  question  arises  as  to  how 
the  detector  and  the  human  observer  can  most  efficiently  share  a  view  of  the 
bundle  end  face.  An  obvious  solution  suggests  itself  if  one  considers  that  after 
the  detector  has  provided  a  warning  of  an  unusual  radiation  condition  as  trans¬ 
mitted  by  the  buiuile,  it  has  discharged  its  intended  function  and  cam  be  tem¬ 
porarily  moved  aside  in  order  to  provide  the  observer  with  an  exclusive  view  of 
the  end  face.  This  consideration  suggests  the  idea  of  "sequential  sensing"  in 
which  either  the  detector  or  the  observer  is  permitted  a  full  view  of  the  end 
face  at  the  discretion  of  the  observe^.'.  Many  simple  mechanical  arrangements 
are  possible  through  which  the  detector  can  be  located  intimately  against  the 
end  face  but  can  be  quickly  moved  aside  at  the  wish  of  the  observer.  This 
technique  has  been  incorporated  into  the  experimental  system  described  in 
Section  5. 

An  abjection  to  the  above  technique  may  be  that  a  manual  operation  is  required 
on  the  part  of  the  observer  and  that  this  would  interfere  with  other  manual 
duties,  particularly  in  the  case  of  an  individually  manned  vehicle.  In  such  a 
case,  sequential  viewing  is  nonetheless  possible  but  can  be  achieved  more 
conveniently  through  use  of  an  electromechanical  device  which  automatically 
moves  the  detector  aside  after  it  has  signaled  an  alarm  condition.  The  alarm 
signal  itself  would  be  the  actuating  agency,  and  the  detector  could  be  restored 
manually  to  its  position  at  any  convenient  time  afterward. 


If  a  further  objection  to  eefuentlal  aenelng  exiete.  on  the  basla  of  the  inclusion 
of  moving  parts,  a  ’'no-moving-parts*'  simultaneous' sensing  system  is  possible 
through  the  use  of  an  optical  beam  splitter.  Such  devices  are  conventional 
partial-mirrors  which  can  "split**  a  beam  of  light  into  two  differently-directed 
parts  with  any  desired  ratio  of  intensities.  For  uiuunple,  a  "fifty-fifty"  neutral 
beam  splitter  placed  at  45  degrees  to  the  axis  of  a  li|^t  beam  will  allow  half  of 
the  energy  to  continue  on  its  path  essentially  undeflected  ediile  the  other  half  is 
deviated  90  degrees  from  the  original  beam.  Moreover,  by  means  of  well-known 
"thin  film"  techniques,  spectrally- selective  beam  splitters  (or  "dlchroic  mirrors") 
can  be  made  which  will  reflect  radiation  in  one  wavelength  region  only,  allowing 
radiation  of  other  wavelengths  to  continue  on  its  course. 

An  objection  to  the  neutral  beam  splitter  is  that  it  provides  images  of  reduced 
intensity  to  both  the  detector  and  the  observer.  In  this  case,  the  more  sophisticated 
dlchroic  beam  splitter  can  be  Invoked  in  order  to  capitalise  on  the  fact  that  the 
spectral  sensitivity  regions  of  the  detector  and  observer  may  differ  although  both 
are  included  within  the  spectral  passband  of  the  optical  fibers.  For  example,  if 
the  detector  is  of  the  near-infrared- sensitive  type,  it  may  derive  adequate  optical 
signal  energy  within  the  infrared  spectral  region  transmitted  by  the  fibers  but  not 
utilised  by  the  human  eye.  In  this  case,  one  might  specify  a  beam  splitter  with  a 
high  infrared  reflectance  and  a  high  visible -band  transmittance  with  a  sharp  cutoff 
near  700  millimicrons.  This  "mirror"  might  be  located  very  near  to  the  bundle 
end  face,  making  a  45*  angle  with  itt  it  could  then  deflect  the  infrared  signal  energy 
into  a  nearby  detector  at  90*  to  the  ray  path  while  detracting  very  little  from  the 
visible  signal  proceeding  through  it  to  the  eye  of  the  observer.  Such  a  system 
would  make  highly  efficient  use  of  the  radiant  energy  which  is  transnaitted  by  a 
fiber  bundle  but  which  is  ordinarily  useless  to  a  human  observer.  However, 
because  of  geometrical  considerations,  the  detector  would  not  be  located  as  near 
te  the  bundle  end  face  as  otherwise  and  would  not  intercept  the  entire  emittance 
coziei  in  such  a  case,  an  appropriate  condensing  lens,  located  between  the  mirror 
and  the  detector,  would  be  usefiil  in  diverting  to  the  detector  much  of  the  energy 
which  would  otherwise  by-pass  it. 

References  43  and  44  present  discussions  on  optically  coupling  a  fiber  bundle  to 
an  Image  tube.  Certain  aspects  of  these  discussions  are  of  interest  to  the  proUsm 
of  fiber-bundle  to  photodetector  couplings. 
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4.  3  Unuiufcl  Bundle  Configurations 

The  bundle  configurations  considered  so  far  in  this  report  have  involved 
simple  bundle  lengths  for  conveying  radiation  from  a  single  objective  lens 
directly  to  the  viewing  end. 

Many  variations  of  this  basic  configuration  are  both  conceivable  and  feasible 
for  use  in  special  applications.  A  practical  configuration  which  might  find 
wide  application  in  aerospace  problems  involves  the  branching  of  a  bundle 
somewhere  along  its  length,  the  separate  branches  terminating  in  individual 
objective  lenses  at  various  physical  locations  within  an  aerospace  vehicle. 

The  separately  collected  optical  information  could  then  be  displayed  on  the 
single  readout  face,  making  it  possible  to  monitor  several  object  scenes 
with  a  minimum  of  visual  scanning  or  of  required  instrument  panel  area. 

The  method  is  applicable  both  to  fiberscopes  and  to  light  pipes  although  the 
fabrication  problems  may  be  somewhat  simpler  in  the  latter  case. 

Several  such  possible  configiirations  are  shown  in  Figure  45.  For  simplicity, 
the  drawings  depict  the  fiber  bundles  only  but  not  the  associated  optical  or 
photoelectric  alarm  components. 

Flgvxa  4fa shows  a  configuration  suitable,  for  example,  for  the  surveillance 
of  two  zones  of  a  power  plant.  In  this  case,  the  split  would  be  located  near 
the  objective  lenses  in  the  power  plant  and  light  entering  from  Zones  A  and 
B  would  be  transmitted  to  the  viewer  through  a  single  bundle  end  face.  Here 
the  fibers  would  be  separated  by  a  suitable  means  so  that  the  observer  can 
identify  the  zone  of  origin. 

Figure  4Sb  shows  a  configuration  where  several  views  of  a  single  zone  are 
required.  The  three  objective  ends  may  survey  partially  overlapping  areas. 

In  this  arrangement  the  split  may  be  in  or  at  the  bulkhead  of  the  zone  being 
surveyed  and  the  fibers  proceeding  from  the  three  objective  lenses  would 
terminate  in  random  positions  over  single  viewing  end  face.  This  would  pro¬ 
vide  an  observed  array  of  scintillating  dots  if  a  flame  were  to  exist  anywhere 
in  the  zone . 

A  third  configuration,  shown  in  Figure  45c  would  provide  for  surveillance  of 
many  separated  zones  individually  identifiable  and  requiring  a  minimum  of  in¬ 
strument  panel  area  for  visual  observation.  This  arrangement  would  consist 
of  a  number  of  individual  light  pipes  joined  together  at  the  viewing  end  to  pro¬ 
vide  a  compact  viewing  face  with  a  clearly  defined  and  identifiable  area  for 
each  zone  under  surveillance.  For  purposes  of  economy,  such  a  system  would 
comprise  individusd  light  pipes  of  various  lengths  coupled  at  the  viewing  end 
where  the  individually  transmitted  images  would  be  joined  together  as  a  single 
compound  image.  Each  image  would  occupy  its  own  separate  and  clearly  de¬ 
fined  section  on  the  viewing  face. 
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Depending  upon  the  requirements  for  a  specific  application,  any  or  all  of  the 
three  above-mentioned  configurations  can  be  combined  into  a  single  system 
in  order  to  meet  the  requirements.  However,  the  use  of  multiple  bundles 
should  be  reserved  for  specific  problems  which  cannot  be  solved  through  the 
use  of  an  appropriate  number  of  single  bundles  for  the  additional  cost  of 
joining  several  bundles  of  glass  fibers  together  within  a  single  jacket  for  a 
part  of  their  length  may  not  be  justified.  Particular  cases  in  which  the  use 
of  multiple  bundles  may  justify  the  added  cost  are  (1)  where  panel  space  must 
be  conserved,  and  (2)  where,  in  view  of  weight  considerations,  it  would  be 
important  to  combine  the  protective  jacketings  of  separate  bundles  into  a 
single  jacket  over  a  great  portion  of  the  bundle  length  especially  in  the  case  of 
long  bundles. 

4.  4  Bundle-to-Bundle  Couplings 

Where  a  great  length  of  fiber  bundle  is  to  be  used  in  a  given  application,  it  is 
worthwhile  to  consider  the  fabrication  of  the  b\mdle  in  modular  sections  which 
can  be  joined  together  during  installation.  The  use  of  such  lengths  would  sim¬ 
plify  the  problems  of  installation,  inventory  maintenance,  and  replacement 
of  a  damaged  section.  The  method  is  applicable  to  both  fiberscopes  and  light 
pipes  although  some  image  degradation  occurs  in  both  cases  depending  upon 
the  number  of  joints  used  and  the  optical  quality  of  each. 

If  the  end  faces  of  two  fiber  bundles  are  simply  pressed  together,  the  effect  of 
a  continuous  bundle  length  will  be  simulated  very  closely.  (See  Figures  31  atnd 
32. )  Some  degradation  of  detail  occurs  because  the  light  emanating  from  a 
single  fiber  in  one  bundle  will,  on  the  average,  fall  on  several  fiber  ends  in 
the  second  bundle.  Moreover,  if  the  end  faces  are  not  in  direct  optical  con¬ 
tact,  the  spreading  of  rays  from  each  "donor"  fiber  will  cause  a  further 
dilution  of  energy  over  the  "receiver"  fiber  ends.  In  cases  of  bundles  con¬ 
taining  large  numbers  of  fibers,  where  each  fiber  makes  a  very  small  contri¬ 
bution  to  the  total  image,  the  lateral  spreading  of  light  rays  is  relatively  minor 
and  degrades  only  the  finest  image  detail;  however,  the  degradation  is  pro¬ 
gressive  as  the  image  traverses  further  optical  joints.  A  discussion  included 
in  Reference  36  concerning  fiber  point- spread  functions,  is  of  particular  in¬ 
terest  to  the  matter  of  fiber  couplings. 

From  the  optical  standpoint,  then,  it  is  desirable  that  the  butted  end  faces  be 
in  intimate  contact.  From  the  aerospace  environmental  standpoint,  however, 
it  may  be  wiser  to  avoid  physical  contact  which  might  invite  a  chafing  situation 
under  vibrational  influences.  In  such  a  case,  a  slight  separation  of  the  end 
faces  is  permissible,  provided  that  the  gap  width  is  not  appreciably  larger 
than  the  diameter  of  a  single  optical  channel.  Thus,  for  fiber  bundles  com¬ 
posed  of  two  mil  monofilaments,  an  end  face  spacing  of  two  or  three  mils  can 
be  tolerated;  however,  accurate  control  of  the  spacing  required  for  a  multi¬ 
fiberscope  would  be  much  more  difficult. 
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Th«  Vurd«n  of  spacing- control  falls  upon  the  design  of  the  connector  which  is 
to  be  used  in  the  coupling  arrangement.  The  connector  must  be  rugged  and 
"foolproor*  and  yet  must  be  fabricated  with  optical  precision.  The  present 
effort  has  yielded  a  connector  design  aimed  at  meeting  such  criteria.  This 
connector  has  been  fabricated  as  a  part  of  the  demonstration  system  described 
in  Section  5  and  it  will  be  discussed  more  fully  therein. 

There  is  an  alternative  procedure  to  providing  an  air  gap  between  the  end  faces 
and  that  is  to  fill  the  space  with  a  transparent  solid  or  a  fluid  material  instead. 
In  the  case  of  a  permanent  Joint,  any  of  several  optical  resins  or  cements  may 
be  used.  For  a  demountable  Joint,  one  would  insert  a  drop  of  an  appropriate 
oil  on  one  end  face  before  making  the  connection.  The  narrowness  of  the  gap 
would  be  expected  to  retain  the  oil  film  through  capillary  action,  avoiding  the 
need  for  a  fluid  seal. 

The  advantage  of  using  a  gap  material  other  than  air  is  that  it  provides  the 
possibility  of  matching  its  refractive  index  to  that  of  the  core  material.  Such 
an  index  match  would  achieve  a  more  optically  continuous  transition  across  the 
Joint,  reducing  surface  reflectance  losses  as  well  as  thf  lateral  spreading  of 
li^t  rays  between  end  faces.  In  the  case  where  oil  is  used,  there  is  a  variety 
of  optical  "Immersion  oils"  with  a  choice  of  closely  calibrated  refractive  index 
values,  making  it  possible  to  select  one  whose  index  matches  that  of  a  given 
glass  to  several  decimal  figures. 
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4>  5  Self-Cleaning  Window 


The  poeeibility  that  films  of  various  fluids  and/or  soot  particles  will  accumulate 
on  the  exposed  surface  of  a  fiber  bundle  window  or  lens  situated  in  an  engine 
compartment  is  a  problem  that  should  be  considered.  Such  an  accumulation 
would  tend  to  distort  or  obscure  the  view  of  the  engine  section  under  surveillance 
and  reduce  the  effectiveness  of  the  fiber  optic  system. 

A  program  was  initiated  to  find  various  ways  of  either  preventing  the  formation 
of  such  deposits  or  of  automatically  removing  them  once  they  had  formed. 

A  twelve-inch  cubicle  container  was  fabricated  from  sheet  metal  to  simulate  a 
compartment  containing  contaminants  in  vapor  or  particulate  form.  The  con¬ 
tainer  was  provided  with  removable  end  panels,  a  number  of  viewing  ports,  a 
pressurised  Jet  to  atomize  fuel  (light  motor  oil  or  kerosene)  and  internal  light¬ 
ing,  as  shown  in  Figure  46. 

Several  tests  were  conducted  using  a  number  of  simple  laboratory  type  devices 
designed  for  the  purpose  of  preventing  film  formation  or  of  removing  the  films 
automatically,  using  glass  plates  as  the  test  surfaces. 

Some  advantages  and  limitations  of  the  various  types  of  devices  constructed  and 
tested  during  this  program  are  reviewed  briefly  below  and  are  discussed  more 
fully  in  subsequent  paragraphs. 

1.  )  Air  Flow  Devices 

Certain  devices  utilizing  air  flow  can  be  used  to  prevent,  but  not 
remove,  accumulations  of  contaminating  films  on  an  exposed  sur¬ 
face  of  a  glass  lens  or  window,  if  operated  continuously.  Of  the 
various  types  tested,  the  plenum  chamber  devices  appear  to  be 
the  most  satisfactory. 

The  device  illustrated  in  Figure  52,  having  a  long  sleeve  which  acts 
as  a  plenum  chamber,  can  be  used  where  wide  angxilar  coverage  is  not 
important  and  sufficient  mounting  depth  is  available.  The  devices 
illustrated  in  Figure  53,  having  large  diameter  plenum  chambers, 
can  be  used  in  locations  which  have  limited  mounting  depth  and  for 
applications  where  wide  angular  coverage  is  important. 

2.  )  Electromechanical  Windshield  Wipers 

A  device  of  this  type  can  be  used  both  to  prsrent  and  to  remove  oil 
and  soot  films  on  ^s  exposed  surface  of  a  glass  lens  or  window  and 
will  not  necessarily  limit  the  angular  coverage. 
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Th«r«  ia  a  foaslMlltir  tkat  high  aaglaa  tamparaturaa  aad  eaitaln 
typaa  of  tagiaa  flul4a  could  advaraaly  affaet  a  Naapraaa  ruhbar 
udpar  klada.  Carkaiu  atkar  matarldla>  parkapa  Taflaut  would  ba 
affactad  ta  a  laaaar  dagraa  ttaa  Naapraaa. 

3.)  Haatad  Wiudawa 

All  of  tka  davieaa  utllialag  aalf-kaating  appear  aueeaaaful  in  pravanting 
but  not  in  removing  accumulatiena  on  tka  aapaaad  aurfacea  if  eparatod 
centiniMualy  (aaa  riguraa  4T  to  49)*  Tka  tamparaturaa  invalvad  for 
aueeaaaful  eparatian,  300*  to  SOOT,  migkt  praaent  aama  preblama. 

Air  gapa  (eealad  arena)  ml|^  ba  raqulrad  batwaan  tka  kaatad  glaaa 
and  nearby  or  aaaeciatad  aquifmant  advaraaly  aflaetad  by  ki|^  tamp- 
araturea. 

4. 5. 1  Tkarmal  kfatheda 

A  number  of  aimpla,  alavatad  tamperatura  davieaa  ware  conatructad  ta  datar- 
mine  wketkar  beat  could  ba  uaad  to  prevent  and/or  ramova  an  aceumulatlan  of 
condanaad  fluid  vapora  and/ar  aoot-lika  particlaa  on  tka  ai^aad  aurfaca  of  a 
glaaa  lana  or  window  mounted  within  an  aircraft  angina  apace  under  aurvalllanca. 

The  upper  pbotagrapha  of  Figure  50  illuatrata  a  device  aimilar  in  eonatruetion 
to  tkoao  llluatratod  in  Figure  SI.  Two  layara  of  glaaa  plate  ware  uaad,  kewavar, 
inatead  of  one.  The  glaaa  plataa  ware  aaparatad  from  each  other  by  an  aabaatoa 
gaakat.  An  air  gap,  approadmataly  1/32**  high  and  1-3/4**  in  diamatar,  waa 
provided  at  the  canter  batwaan  the  two  glaaa  plataa.  Two  openinga,  from 
oppoaite  aidaa  of  the  gap,  were  provided  to  allow  tka  paaaage  of  kaatad  air 
batwaan  tka  glaaa  plataa.  No  accumulation  of  tka  teat  fuel  (karoaana)  waa 
obaervad  on  the  axpoaad  aurfaca  of  the  glaaa  plate  when  the  tamparature  of 
thia  aurfaca  waa  maintained  near  350T.  Aceumulationa  of  karoaana  ware  obaervad, 
kowevar,  whan  the  temperature  of  tka  axpoaed  aurfaca  dropped  below  250T. 

A  broam  raaidua  waa  obaarved  on  tka  expoaad  aurface  of  tka  glaaa  plate  upon 
baatlng  the  glaaa  to  359T  after  allowing  tka  karoaena  to  accumulate  on  tka 
axpoaad  aurfaca  of  tka  glaaa  at  room  temperature.  Tke  lower  photograph  in 
Figure  50  illudtrataa  a  device  aimilar  to  that  akawn  in  tka  uppir  pkotographa. 

Tke  major  differanea  ia  that  an  electrically  kaatad,  flat,  metallic  kaatar 
alamant,  in  the  akapa  of  a  ring,  kaa  replaced  tka  air  gap  in  tka  pravloua  modal. 

Tkia  device  functiena  in  the  aama  ntannar  aa  tka  pravioua  medal.  If  tka  tamp* 
aratura  of  tke  expoaad  aurfaca  of  tko  glaaa  ia  maintained  at  appraximataly  350T 
continuettaly,  no  fuel  accumulation  or  raaidua  ia  apparent. 

A  third  claaa  of  davioaa,  akawn  ia  Figuraa  47,  41  aad  49,  waa  conatructad 
aimilar  to  tkoaa  illuatratad  in  Figure  50.  Tka  major  dlfferaaco  uma  tibd  a 
tranaparant,  electrically  coadactiva  film  of  tin  exida  waa  uaad  ia  place  of  tto 
metallic  kaatar  ring.  lUa  electrically  kaatad  film  afforda  muck  tka  aama 
roaulta  aa  tka  pravloua  modale  diacuaaad.  Conaidorabla  ai^rimantation  waa 


Involved  in  the  preparation  of  these  films  and  the  fabricatien  of  electrical 
contacts.  Because  the  use  of  transparont  conductive  coatings  offers  an 
alternative  heating  method  which  might  find  wide  application  to  the  window 
problem,  we  believe  that  a  somewhat  detailed  account  of  our  findings  on  tie 
oxide  films  will  serve  a  useful  purpose. 

Tin  Oxide  Conductive  Coating 

If  a  water  solution  of  stannous  chloride  is  sprayed  on  to  a  hot  glass  surface, 
a  thin,  transparent  coating  of  tin  oxide  is  formed.  This  film  is  capable  of 
electrically  heating  the  entire  glass  up  to  a  temperature  as  high  as  650*F,  de¬ 
pending  on  the  resistance  of  the  film  and  the  applied  voltage.  The  tin  oxide 
film  is  prepared  in  the  following  manner.  Three  milliliters  of  concentrated 
hydrochloric  acid  are  added  to  500  milliliters  of  distilled  water.  Twenty- five 
grams  of  stannous  chloride  are  then  dissolved  in  the  solution.  The  solution 
should  be  filtered  if  it  is  not  clear  and  used  only  when  it  has  been  freshly  pre¬ 
pared.  It  is  then  sprayed  on  to  Pyrex  glass  plates  which  have  been  heated  to 
about  1300*F.  A  tin  oxide  film  will  result,  with  a  rosistanco  of  about  700  to 
20,000  ohms  per  square.  Three  inch  square  plates  were  used  in  these  experi¬ 
ments. 

It  can  be  difficult  to  achieve  a  film  with  the  desired  resistance  and  still  obtain 
a  clear  transparent  film,  since  the  resistance  depends  on  the  thickness  of  the 
film.  The  transparency  of  the  films  prepared  here  was  good,  but  the  sample 
films  were  not  uniform. 

Electrical  Contacts 


The  application  of  suitable  contacts  presented  several  problems.  The  first 
contacts  which  were  tried  utilised  silver  paint  and  brass  foil.  The  brass  foil 
was  cemented  to  the  film  by  use  of  the  silver  paint  and  then  load  wires  soldorod 
directly  to  the  foil.  The  contacts  wore  air  dried  and  no  baUag  was  necessary 
since  a  low-temperature  silver  conducting  paint  was  used.  If  these  contacts 
were  placed  about  3/4"  apart,  a  resistance  of  about  1000  ohms  could  bo  obtained 
with  a  good  film.  (See  photo  of  Test  Window  #1,  Eiguro  45) 

Other  glass  plates  were  prepared  and  an  ofiort  was  made  to  mininsine  the  amount 
of  brass  foil  used  since  it  did  not  adhere  too  well.  (See  photo  of  Tost  Window  #2, 
Figure  49)  Thermal  insulation  was  added  botwosu  the  two  plates  of  glass  and 
botwoon  the  glass  and  metal  holder.  A  third  typo  of  cfsntact  was  tplod,  laniiad 
from  a  silver  paste  that  was  baked  at  lOOOT  aiad  to  which  wire  loads  wore 
soldered  directly.  This  method  was  net  toe  successful  bscasMs  the  wire  leads 
did  net  aAsre  very  well  and  there  was  alee  the  problem  of  finding  a  aolder  with 
a  hi^  enott^  moltiag  taa^orature  as  eat  to  molt  when  the  glass  plate  was  heated. 
A  sample  prepared  by  this  method  is  s^own  as  Test  Window  #3,  Figure  49. 


Eiflcimcy  of  the  H>af  d  Window 


Despite  possible  nea-uaifenBities  ia  the  film,  it  was  feuad  that  the  entire  glass 
plate  will  heat  up  rery  well.  With  140  volts  applied,  a  current  ef  anywhere 
between  120  and  400  a&a  may  be  measured.  Heat  can  be  detected  in  the  glase 
after  applying  the  voltage  for  only  about  one  minute.  The  manimum  temperature 
that  the  glass  will  reach,  with  a  given  voltage,  depends  on  the  resistance  of  the 
film.  The  resistance  of  the  glass  plates  varied  anywhere  from  20K  ohms,  which 
was  not  lew  enough  to  allow  the  glass  to  heat,  to  less  than  700  ohms,  which 
allowed  the  glass  to  reach  a  temperature  of  650T. 

The  values  presented  below  are  the  observed  surface  temperatures  for  various 
coated  glass  samples  with  140V  AC  applied  across  them. 

Film  Resistance  Observed  Film  Temperature,  *F 

20,000  ohms  Rosbs  Tempo raturo 

3,000  ohms  240 

1 , 500  ohms  385 

700  ohms  650 

If  a  resistance  of  1000  ohms  or  less  is  achieved,  the  glass  plates  will  heat 
enough  to  prevent  an  oil  Dim  from  forming.  A  surface  temperature  of  375*F 
(Ti  in  Figure  47),  was  found  to  be  needed  to  keep  an  engine  film  from  forming 
on  the  glass.  A  temperature  greater  than  this  must  initially  be  supplied  since 
when  a  mist  of  oil  is  blown  onto  the  glass  plate,  it  acts  as  a  cooling  agont  and 
reduces  the  temperature  by  as  much  as  200*F.  The  face  of  the  glass  plate  that 
is  toward  the  oil  mist  must  maintain  a  temperature  of  3757  (Tl).  In  order  to 
do  this  under  our  testing  conditions,  the  film  itself  had  to  reach  a  temperature 
of  about  5607  (T2  in  Figure  47). 

If  the  heat  and  oil  mist  begin  simulbaneously,  then  the  glass  remains  clear  of 
any  oil  film  or  droplets.  If,  however,  the  oil  mist  is  allowed  to  form  droplets 
on  the  glass  before  it  is  heated,  the  heat  is  not  sufficient  to  remove  these  drop¬ 
lets.  If  the  source  of  the  oil  noist  is  removed  and  the  glass  continues  to  be 
heated,  then  these  oil  droplets  disappear,  leaving  a  residue  of  Impurtties.  If 
the  oil  containsahigh  amount  of  non-velatile  impurities,  it  can  bo  expected  that 
these  impurities  would  form  films  and  eventually  cut  down  the  tranemittaseo 
of  the  glass. 

The  possibility  of  eliminating  the  conductive  film  Itself  and  just  using  a  circular 
conductive  path  of  silver  material  was  investigated.  A  semicircular  path  was 
sandblasted  la  the  glass  plate  and  then  a  silver  paste  was  applied  to  fids  groove 
and  baked.  Leads  were  soldered  on  directly  to  the  silver  material.  A  temp¬ 
erature  of  about  3507  was  reached,  but  the  silver  material  decomposed  daring 
all  attempts  to  heat  the  glass  in  this  aaanaer.  No  other  naaterials  besides  the 
silver  conducting  paste  have  been  investigated. 
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4.5.2  PMumatic  Methods 


A  number  of  simple  air  flew  devices  were  constructed  for  evaluation  as  possible 
self- cleaning  window  methods.  Several  of  them  and  their  air  flow  patterns  are 
illustrated  in  Figures  51,  52  and  53. 

The  light  arrows  shown  in  these  illustrations  indicate  the  direction  of  flow  for 
pressurized  air  feeding  and  proceeding  from  the  device.  The  dark  arrows  in¬ 
dicate  areas  of  negative  pressure  which  allew  fuel  and/er  soot  to  be  drawn  into 
the  device  and  to  collect  on  the  lens  surface. 

All  of  the  devices  to  be  discussed  were  attached  to  a  metal  sleeve  bonded  to  the 
metal  container  (Figure  46)  used  for  simulating  a  section  of  a  Jet  engine.  They 
have  in  common  a  glass  lens,  lens  holder,  rubber  sealing  ring,  mounting  sleeve 
and  a  cennecting  tube  for  supplying  pressurised  air. 

Figure  51a  Includes  a  tubular  ring  having  several  rows  of  small  air  holes 
located  around  the  inner  diameter.  The  ring  is  located  in  the  mounting  sleeve 
between  the  glass  lens  and  the  metal  container  mentioned  previously. 

When  the  device  was  activated,  droplets  of  fuel  (kerosene)  were  drawn  into  the 
device  instead  of  being  repelled,  and  accumulated  on  the  exposed  surface  of  die 
glass  lens.  Air  at  lew  pressure  (2  to  5  pel  gage)  reduced  the  rate  of  accumulation 
but  did  not  prevent  or  remove  it.  Air  at  high  pressure  (6  to  60  psi  gage)  increased 
the  rate  of  accumulatien. 

Figure  51b  is  similar  to  Figure  51a  except  for  shewing  a  reduced  orifice  between 
die  tubular  ring  and  the  metal  container.  Results  were  the  same  as  those  ob¬ 
tained  with  the  first  device  except  that  the  rate  of  accumulation  was  reduced. 

Figure  51c  is  similar  to  Figures  51a  and  51b  except  that  a  smaller  orifice  was 
provided.  No  accumulation  of  fuel  was  observed  regardless  of  the  air  pressure 
used.  However,  due  to  the  location  and  diameter  of  this  oriflep,  the  optical 

angular  coverage  was  reduced. 

Figure  51d  shews  a  tubular  ring  having  a  thin  air  slot  running  around  its  inner 
diameter.  The  cennecting  tube  is  fastened  to  the  ring  at  less  than  a  right  angle 
to  impart  circular  motion  to  the  flow  of  air.  The  result  was  s  cyclonic  typo  of 
air  flew  with  a  high  negative  component  at  its  center.  Fuel  (kerosene)  again 
collected  on  the  exposed  surface  of  the  glass  leas,  regardless  of  air  pressure 
used. 

Figure  51e  iUustratSS  a  conical  inner  sleeve.  Joined  at  the  large  diamoter  to 
the  end  of  the  mousSWig  slsevs  farthest  from  the  glass  leas.  A  small  air  gap 
was  provided  between  the  small  end  of  the  iaasr  sleeve  and  the  snpsssd  suriace 
of  the  glass  leas.  The  csmacting  tube  was  attached  to  the  moeattng  sleeve  at 
right  angles  for  ftis  particular  test.  A  negative  pressare  area  was  alee  oheerved 


with  tklt  d«Tlc«  witk  th*  »eeompaBylBf  accumulatioa  of  fool  (koroMno)  on  tho 
McpMod  aurfac*  of  fh*  gUis  Ima. 

Flguro  Slf  !■  Idoatical  to  Figoro  Sle,  oxcopt  ter  tko  coBMctlag  tub*  whlek  was 
attoclMd  to  tho  mouatiag  altava  at  loss  tkaa  a  right  aagla.  A  eycloalc  typo  of 
air  flow  roaultad  with  a  high  aogatlro  compoaaat  at  Ita  eoator.  A  colloctloa  of 
fool  dr*pl«t*  was  agala  ohaorvad  oa  tho  oxpoaod  oarfaeo  of  tho  glass  leas,  with 
tho  rate  of  accsaaulatloa  depoadlag  oa  the  air  proosare  used. 

With  tho  oxcoptioa  of  tho  devleo  shows  la  Figaro  51c,  all  of  the  air  flow  dovlcos 
tested  wore  teund  to  attract  rather  thaa  ropol  tho  spray  droplots  aad  aoae  will 
effoctlToly  rooaovo  accuaaolatloas  from  the  oxpoaod  sarfaeo  of  a  glass  leas. 

A  socoad  series  of  air  flow  dovlcos,  lacorporatlag  ploanm  chamber  dosigas, 
was  fabricated  aad  tested.  The  purpose  of  the  chambers  Is  to  create  a  positive 
pressure  gradloat  between  tho  glass  lens  and  tho  oaglno. 

Figure  52  is  quite  similar  to  tho  devices  illustrated  la  Figure  51.  Tho  aaajor 
difference  Is  that  a  sleeve  approximately  8"  long  has  been  added  between  the 
glass  leas  aad  the  engine  chamber.  With  no  air  flow,  fuel  droplets  were  seen 
to  accumulate  on  the  exposed  surface  of  the  glass  lens.  With  lew'to-medium> 
pressure  air  flow  (3  to  20  psi  gage),  no  accumulation  was  observed.  However, 
with  this  device  the  optical  angular  coverage  was  substantially  reduced. 

Figure  53a  illustrates  a  plenum  type  chamber  6"  in  diameter  and  1**  deep, 
located  between  the  glass  lens  and  the  simulated  engine  chamber.  With  low- 
pressure  (2  to  3  psl  gage)  air  flow,  a  negligible  accumulation  of  fuel  was 
observed  on  the  exposed  surface  of  the  glass  lens.  With  high  pressures  (4  to 
30  psl  gage),  substantial  accumulations  were  observed  due  to  the  cyclonic 
effect  of  the  air  stream.  A  smaller  opening  to  the  engine  chamber  would 
prevent  accumulation  at  higher  pressures,  but  would  also  reduce  the  angular 
coverage. 

Figure  53b  illustrates  a  plenum  type  chamber,  4"  in  diameter  and  less  than  an 
inch  deep.  With  low-pressure  (2  to  5  psi  gage)  air  flow,  no  accumulation  of 
fuel  was  observed  oa  the  glass  lens.  At  higher  pressures  (6  to  30  psi  gage), 
seme  accumulation  was  observed  but  less  than  on  the  previous  model,  Figsxe 
53a.  Again,  a  smaller  opening  would  prevent  accumulatieas  but  at  the  expense 
of  angular  coverage. 

4. 5. 3  Electromechanical  Methods 

A  windshield  wiper,  consisting  of  a  12  RPM  motor,  cam.  cam  follower,  drive 
shaft,  shaft  bearing,  wiper  arm  aad  wiper  blade  (neoprene  rubber),  was 
mounted  on  a  panel  hav^  a  glass  window.  Tho  panel  assembly  was  thea  atteched 
to  the  metal  contaiaos  (Figure  44)  with  the  wiper  arm.  wiper  Made  (bearing  on 
the  glass  window)  aad  a  portioa  of  the  drive  shaft  inside. 
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Light  motor  oil,  and  later  kerosene,  was  forced  throu|^  an  atomising  Jet  into 
the  metal  container  and  allowed  to  accumulate  on  the  exposed  surface  of  the 
glass  window.  The  wiper  was  then  activated  and  appeared  to  clear  the  window 
completely  on  two  passes. 

The  exposed  surface  of  the  glass  window  was  next  covered  with  a  mixture  of 
light  oil  and  soot.  On  two  passes  of  ths  wiper,  the  window  appeared  clear. 
Figures  54  and  55  are  photographs  taken  from  hoth  sides  of  the  panel,  and 
show  the  glass  before,  during  and  after  one  pass  of  the  wiper. 

Repeated  testa  indicate  that  a  windshield  wiper  can  effectively  clear  a  glass 
window  of  oil,  kerosene  and/er  soot  under  laboratory  conditions.  High  engine 
temperatures  or  Jet  engine  fuel,  however,  ml|^t  adversely  affect  a  neoprene 
rubber  wiper  blade. 
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4.  6  Image  Tubet 


It  has  been  pointed  out  In  Paragraph  i.  1.  11  and  elsewhere  that  practical 
length  limitations  on  fiber  bundles  for  ordinary  viewing  conditions  are  in 
the  50  to  100  foot  range. 

An  interesting  possibility  of  either  broadening  the  usable  spectral  range 
or  extending  the  useful  length  of  a  fiber  bundle  is  presented  if  one  considers 
the  possible  use  of  commercially  available  electronic  image  processing  de¬ 
vices.  Such  devices  fall  into  two  main  functional  classes.  The  first  class 
includes  the  image  amplifiers  or  intensifiers,  with  the  ability  to  present  a 
greatly  brightened  version  of  a  very  weak  image.  The  devices  in  the  other 
class,  which  are  probably  of  greater  interest  to  the  present  problem,  are 
able  to  convert  invisible  infrared  energy  into  visible  light,  being  referred 
to  as  image  converters.  Both  types  of  device  are  presently  available  in  the 
form  of  evacuated  glass  enclosures  and  are  generally  referred  to  here  as 
"image  tubes",  although  various  solid  state  versions  are  under  development 
which  would  not  rightfully  be  called  "tubes". 

It  should  be  understood  that  various  sacrifices  are  involved  in  the  use  of 
image  tubes  with  fiber  bundles,  so  that  their  use  should  be  contemplated 
only  where  the  anticipated  gains  offset  the  losses.  In  particular,  present 
image  tubes  provide  only  a  monochromatic  image  and,  therefore,  sacrifice 
the  color -transmitting  ability  of  present  glass  fibers.  The  image  color 
depends  upon  the  choice  of  output  phosphor  used  in  the  device,  presently 
available  colors  being  confined  to  a  choice  of  blue-green  or  yellow-green. 
Another  feature  is  the  inevitable  loss  of  image  detail  which  generally  results 
from  the  introduction  of  an  additional  optical  element  into  an  imaging  system, 
although  the  extent  of  the  lost  detail  need  not  be  appreciable  in  a  properly  de¬ 
signed  system.  The  only  other  sacrifices  which  need  to  be  mentioned  are 
the  obvious  ones  of  economy,  reliability,  size,  weight,  and  so  forth. 

However,  in  cases  where  it  is  necessary  to  extend  a  bundle  length  beyond  its 
ordinary  limit  for  a  given  viewing  situation,  the  use  of  an  image  intensifier 
can  be  well  justified,  provided  that  the  optical  information  in  the  scene  being 
viewed  resides  primarily  in  the  visible  spectral  region.  In  cases  where  this 
information  is  carried  largely  by  energy  in  the  infrared  region,  an  infrared 
image  converter  can  serve  the  same  purpose  in  extending  the  usable  bundle 
length. 

Another  purpose  served  by  image  converters  is  the  broadening  of  the  useful 
spectral  transmission  band  afforded  by  most  fibers.  Transmittance  curves 
such  as  those  of  Fig.  19  reveal  that  a  substantial  part  of  the  energy  transmitted 
by  fiber  bundles  is  in  the  near-infrared  region  and  is  not  used  by  the  human 
eye.  Moreover,  a  knowledge  of  the  spectral  emission  characteristics  of  most 
flames  and  hot  surfaces  indicates  that  their  emitted  energy  is  proportionally 
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higher  in  this  region  than  in  the  visible  band.  In  addition,  it  ie  known  that  the 
reverae  is  true  of  daylight  sources  (direct  and  indirect  sunlight)  whose  radiant 
energy  in  the  visible  region  exceeds  that  in  any  infrared  band  of  the  same 
spectral  width.  One  could  thus  profit  by  using  the  near-infrared  transmitting 
capability  of  optical  fibers  in  coi^unction  with  inf rared- sensitive  image  converters, 
not  only  in  making  flames  and  hot  surfaces  appear  brighter,  but  also  in  increas¬ 
ing  the  contrast  between  them  and  any  daylight-illuminated  surrounding  surfaces, 
thereby  increasing  their  visibility  further. 

This  phenomenon  is  illustrated  in  Figs.  56  and  57  which  compare  the  direct 
views  of  various  scenes  containing  incandescent  surfaces  with  the  indirect  views 
provided  by  infrared  image  conversion.  The  converted  images  were  provided 
by  means  of  a  1P25  image  converter  tube  of  the  type  used  in  World  War  II 
"snooperscopes'*,  this  tube  having  an  S-1  photosurface  and  a  P-20  phosphor, 
which  are  explained  in  Appendix  A  and  whose  characteristic  spectral  curves  are 
shown  in  Figs.  A-1  and  A- 3. 

The  photographs  were  prepared  directly  and  not  through  a  fiberscope,  but  they 
illustrate  the  brightness  gain  and  contrast  gain  which  would  be  afforded  in  con¬ 
junction  with  fiberscope  use.  The  converter  tube  used  in  preparing  these 
figures  is  shown  in  Fig.  56. 

The  same  figure  presents  a  direct  view  of  a  familiar  domestic  scene  in  which 
the  object  of  present  interest  is  an  incandescent  burner  coil.  The  lower 
figures  are  direct  photographs  of  this  image  as  presented  by  the  converter 
tube,  the  difference  being  that  the  image  shown  in  the  lower  right  was  pre¬ 
pared  through  the  use  of  an  infrared  filter  placed  before  the  receiving  surface 
of  the  converter  tube.  This  filter  (Polaroid  Corporation,  No.  XRX)  blocks 
most  of  the  visible  light  and  transmits  highly  in  the  near  infrared  region. 

Its  purpose  was  to  emphasise  the  high  radiance  of  the  burner  coil  in  the  near- 
infrared  region  as  compared  with  the  daylight  radiation  provided  by  the  back¬ 
ground  in  the  same  spectral  region.  Examination  of  the  two  lower  photographs 
in  this  figure  will  verify  the  increase  in  contrast  which  is  achieved  as  one 
limits  the  scene  radiation  todie  near-infrared  band. 

Figure  57  preeents  reference  photographs  and  converted  images  of  various 
familiar  scenes  containing  diffusion  flames  whose  incandescent  carbon- 
particle  emission  is  at  a  maximum  in  the  near-infrared  region  where  day¬ 
light  radiance  is  on  the  decline.  The  monochromatic  images  provided  by 
the  image  converter  tube  are  not  as  colorful  but  are  unquestionably  more 
efficient  in  emphasising  the  presence  of  the  flames  than  are  the  direct  photo- 
gra^s. 

The  subject  of  image  tubes  and  tholr  uses  is  a  broad  one,  requiring  a  detailed 
analysis  udiich  is  more  logically  placed  outside  of  file  main  body  of  ^s  report. 
Such  an  analysis  .is,  therefore,  presented  as  an  afpeadix  to  the  report. 


101 


Tlif<  hii^lights  ar«  tkat.  la  caaas  wkara  flamaa  and  oyarkaatad  aurfaeaa  must  ba 
obaarvad  thraugb  fibaraca^a  of  graat  langtka  or  uadar  advaraa  coaditioaa  of  day¬ 
light  backgrouada.  it  would  ba  highly  prafitabla  to  coaaldar  tka  uaa  of  iaaaga  tubaa, 
particularly  iafrarad  imaga  ceavartara,  at  tka  viawiag  aad  of  a  fibaraeopa  or  light 
pipa.  Uadar  coaditioaa  of  aatroma  fibar  buadla  laagtk  or  low  ol^Jaet  radlaaca,  it 
might  ba  aacaaaary  to  locata  auck  a  tuba  part  way  aloag  tka  laagtk  of  tka  buadla, 
ramota  from  tka  viawiag  aad,  although  tHa  would  uado  aay  advaataga  of  aimplieity 
aad  raliability  atfordad  by  maiataiaiag  tka  tuba  at  tka  viawiag  aad. 

4. 7  Taut  Cireulta 


la  oparatloaal  uaa,  tka  pkyaical  contiaulty  of  a  fibar  buadla  caa  raadily  ba 
varifiad  by  a  glaaca  at  tka  raadout  aurfaca  ia  caaaa  wkaro  tka  pickup  aad  ia 
viawiag  a  luaaiaoaa  aeaaa.  lamaay  iaataacaa,  kawavar,  tka  buadla  may 
aormally  "look"  lato  a  darkeaad  araa  vdiick  doaa  aot  provlda  a  aalf-ckadlbog 
capability.  Ia  auck  caaaa,  it  ia  daairabla  or  avaa  aacaaaary  that  aa  iadapaad- 
aat  light  aourca  ba  availablo  at  tka  pickup  aad  to  allow  tka  obaarvar  to  ckack 
the  buadla  eoatiauity  at  will. 

Savaral  aimple  taat-ligkt  arrai^tamaata  are  poaaiblei  ia  maay  caaea  they  caa 
aerve  the  double  purpoae  of  verifylag  buadla  eoatiauity  aa  well  aa  provi^ag 
a  check  oa  the  reapoaae  of  aa  automatic  photoelectric  datactioa  ayatam  which 
may  oftea  ba  used  with  the  fiber  buadla.  Taat  lif^ta  may  be  deaigaed  aa  aa 
iategral  part  of  the  objective  laaa  aaaembly  with  the  electrical  leada  iategral 
with  tka  fiber  bundle  aaaembly,  aa  la  tka  axparlmaatal  datactiea  ayatam  <la- 
acrlbad  ia  Section  5.  AUaraativoly,  a  teat  light  may  be  placed  aaywhare  in 
or  near  the  field  of  view  of  the  bundle  with  ita  power  leada  routed  along  any 
convenient  path  and  it  will  aerve  adequately. 

In  caaea  where  an  automatic  alarm  ayatam  ia  used  which  may  be  daaigned  to 
reapond  selectively  to  certain  light  sources  such  as  flames,  the  test  light 
arrangement  would  have  to  take  this  into  account  in  order  to  provide  a  detection 
system  response  check.  For  example,  if  the  detection  system  ia  designed  to 
respond  only  to  flame  flickar  in  the  5  to  20  cps  frequency  region,  than  tka 
test  light  power  source  would  have  to  be  modulated  in  this  frequency  region, 
such  as  at  13  cps,  in  order  to  provide  a  radiant  signal  wifit  ckaractariatica 
similar  to  those  of  a  flame  in  order  to  alarm  the  detection  system.  If  a  "two- 
color"  detection  system  ware  used  (sea  Paragraph  4. 2. 1),  the  color  of  tka 
taat  light  would  have  to  ba  choaan  appropriately. 
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4.8  Dynamic  Scanning  Devicet 

The  discusaion  which  follows  refers  to  an  electromechanical  technique  which' 
can  be  used  to  improve  the  image  quality  of  a  given  fiberscope.  For  reasons 
to  be  seen,  the  method  is  not  suggested  for  use  with  light  pipes. 

The  earlier  discussions  and  accompanying  photographs  have  made  it  clear  to 
the  reader  that  a  typical  fiberscope  superimposes  a  texture  or  graininess  upon 
the  image  which  it  transmits.  This  is  especially  true  if  the  :Qberscope  contains 
fewer  fibers  which  are  viewed  at  higher  magnification,  and  it  is  even  more  true 
if  many  broken  or  missing  strands  are  apparent.  Conversely,  a  fiberscope  con¬ 
taining  several  hundred  thousand  or  more  very  fine  fibers,  especially  with  fused 
end  faces,  would  introduce  only  negligible  grain  into  the  picture.  Such  fiberscopes, 
however,  would  require  considerable  cross-sectional  area,  because  the  individual 
fibers  cannot  be  below  a  certain  minimum  diameter  for  effective  light  trans¬ 
mission;  moreover,  the  cladding  losses  (see  Paragraph  2. 1.3)  would  be  appreciable. 

In  those  aerospace  fiberscope  applications  where  the  utmost  in  visual  acuity  is 
required  without  undue  sacrifice  of  weight  considerations,  it  is  inviting  to  con¬ 
sider  the  use  of  a  technique  called  "dynamic  scanning".  This  technique  has  been 
discussed  at  length  by  several  authors  (33,  36,  37,  46,  56  and  64)  and  has  been 
instrumented  by  several  commercial  firms. 

The  method  makes  use  of  the  "persistence  of  vision"  of  the  human  visual  mech¬ 
anism,  or  the  ability  of  the  eye  to  "time-average"  the  brif^tness  of  an  image 
which  is  flickering  at  a  rate  faster  than  about  15  or  20  cycles  per  second.  (This 
rate  is  called  the  "flicker  fusion  frequency”  and  depends  largely  upon  the  scene 
brightness,  the  modulation  ratio,  and  the  part  of  the  retina  involved.)  The 
flicker  fusion  mechanism  is  responsible  for  many  illusions  in  our  daily  experience, 
including  the  apparent  continuous  motion  observed  in  television  presentations, 
motion  pictures,  theater  marquee  lights,  and  many  animated  lighting  displays. 

As  applied  to  improving  the  image  quality  of  a  fiberscope,  the  dynamic  scanning 
technique  involves  the  use  of  mechanical  means  to  vibrate  the  fiberscope  and 
faces  in  synchronism,  each  in  its  own  plane,  but  leaving  the  terminal  optics 
stationary  with  regard  to  both  the  object  scene  and  the  observer's  eye.  Kach 
image  point  is,  therefore,  transmitted  consecutively  by  many  fibers  on  a  time 
sharing  basis.  The  scanning  of  the  image  plane  is  done  in  a  circular  maaaer 
and  at  a  rate  higher  than  the  flicker  fusion  frequency  for  most  viewing  situations. 
Consequently,  the  shapes  of  the  individual  fibers,  as  well  as  local  fiberscope 
defects,  are  "averaged  out"  and  the  improvement  in  apparent  image  quality  is  a 
substantial  one.  The  effect  is  similar  to  that  of  viewing  a  scene  through  a  coarse 
grid,  such  as  the  teeth  of  a  pocket  comb  or  the  outstretched  fingers,  and 
oscillating  the  grid  rapidly  as  compared  with  holding  it  still. 
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Commercial  dynamic  ecaanere  have  not  been  evaluated  as  a  part  of  this 
effort.  They  are  mentioned  only  in  passing  as  being  of  possible  interest 
to  certain  aerospace  fiberscope  problem^for  the  sise  and  cost  of  the 
scanner  instrumentation  might  L;.  prohibitive  in  ordinary  applications. 
However,  they  might  prove  to  be  practical  for  certain  critical  applications, 
especially  where  long  fiberscope  lengths  are  involved  for  they  would  provide 
the  image  quality  of  large  diameter  (static-scanning)  fiberscopes  while  using 
only  small  diameter  ones,  and  the  net  weight  savings  could  be  appreciable. 
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SECTION  5.  AN  EXPERIMENTAL  MODEL 

Several  of  the  findings  of  this  study  have  been  articulated  in  the  form  of 
a  research  model  intended  to  represent  a  typical  fiber  optic  hasard  detec¬ 
tion  system  which  might  be  used  in  aerospace  applications.  The  unit  has 
been  delivered  to  the  Contract  Initiator  for  his  laboratory  evaluation. 

From  the  variety  of  possible  configurations,  one  was  selected  which  used 
a  1/8"  diameter  light  pipe  as  the  light-bearing  element,  containing  about 
1700  two  mil  fibers.  Bundle  lengths  of  six  and  seventeen  feet,  respectively, 
were  suitably  Jacketed  and  provided  with  end  fittings  so  that  they  could  be 
used  simultaneously  or  interchangeably  with  the  objective  lens  assembly 
and  control  box  which  were  also  provided.  A  "radiation  level"  photodetec¬ 
tion  system  was  incorporated  at  the  viewing  end;  the  system  circuitry  is 
discussed  in  Paragraph  4.2.  3. 

A  more  detailed  discussion  of  this  system  follows. 

5.1  Design  Considerations 

The  experimental  optical  detection  system  was  designed  to  demonstrate 
the  ability  of  light  pipes  to  act  as  light  transmitting  media  to  aid  in  the 
detection  of  flames  or  variations  in  light  Intensity,  by  actuation  of  an  auto¬ 
matic  alarm,  and  to  permit  visual  inspection  for  rationalisation  and  confir¬ 
mation  of  such  an  Incident  occurring  in  a  remote  xone. 

The  control  unit  was  designed  to  be  a  compact,  portable  unit  with  self 
contained  batteries  for  the  test  lamp  circuit  and  with  terminals  for  attach¬ 
ing  a  28  volt  DC  source  for  the  alarm  circuit.  The  front  panel  contains 
a  minimum  number  of  components,  namely  (1)  the  on-off  switch  with  two 
"on"  positions,  for  the  selection  of  either  a  low  or  a  high  sensitivity: 

(2)  the  warning  indicator  lamp  assembly  which  is  also  the  "press  to  test" 
switch  for  testing  the  entire  system;  (3)  the  viewing  lens  assembly  for 
providing  a  magnified  image  of  the  bundle  end  face,  and  (4)  a  lever  for  moving 
the  photodetector  aside  so  as  to  allow  the  observer  to  view  the  end  face 
directly. 

The  rear  of  the  control  unit  is  provided  with  a  hand  hole  to  permit  access 
to  the  rear  plate  of  the  alarm  unit  for  attaching  the  light  pipe  to  the  ll|^t 
pipe  adaptor  and  for  changing  the  test  circuit  dry  cells. 

In  order  to  provide  for  various  arrangements  of  light  transmission  from 
the  objective  lens  to  the  viewing  unit,  a  system  of  light  pipes  and  connec¬ 
tors  was  incorporated.  The  viewing  unit  light  pipe  adaptor,  the  connector, 
and  the  objective  lens  adaptor  are  all  similar  and  can  be  coupled  to  either 
end  of  either  light  pipe. 
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In  ord«r  to  provid*  a  compact  aystam  with  no  extornal  wiring  for  the  tact 
lamp  circuit  and  yat  kaap  tha  li^t  pipa  diamatar  and  waight  to  a  minimum, 
coaxial  conductora  wara  Incorporatad.  Tha  astamal  braid  of  tha  light 
pipa  Jackat  waa  uaad  for  ona  conductor  and  an  intamal  braid,  addad  juat 
inaida  tha  Taflon  tubing,  waa  uaad  aa  tha  othar  conductor  for  illuminating 
tha  taat  lampa  located  in  tha  objactiva  lana  adaptor. 

Tha  light  fiber  bundlaa  aelactad  wara  atandard  American  Optical  light 
Guidaa  except  that  they  were  in  non-atandard  langtha.  They  conaiat  of 
1/8  inch  diameter  bua^aa,  each  covered  Initially  with  a  plaatlc  Jackat  and 
with  ahrink-on  alaaraa  at  tha  anda,  and  are  mounted  within  No.  R- 101-6 
Titeflax  Taflon  Hoaa.  Tha  ahrinkabla  alaavaa  provide  maximum  fiber  dan- 
aity  at  tha  and  facaa,  with  a  minimum  of  voida. 

From  the  diacuaaion  in  Paragraph  4.4  on  tha  propartiea  of  tha  varioua  typaa 
of  optical  couplinga,  tha  dry  coupling  with  a  0.001"  to  0.003"  apaclng  between 
tha  and  facaa  of  tha  fiber  bundlaa  waa  aelactad  aa  tha  moat  practical  becauae 
of  tha  relatively  practical  tolarancea,  the  aimplicity  of  maintenance,  and 
tha  fact  that  a  relatively  minor  reflactanca  loon  would  be  introduced,  equiva¬ 
lent  to  tha  tranamiaalon  loan  of  only  a  few  Inchea  of  fiber  length.  Tha 
electrical  aapacta  of  tha  connector  are  eaaentially  two  ringa  coaxial  to  the 
fiber  bundlaa,  thua  eliminating  external  wiring.  Thia  method  ia  compatible 
with  tha  uae  of  tha  external  and  internal  braid  in  the  compoaition  of  tha 
li|^t  pipe. 

Tha  method  for  providing  an  alarm,  incorporating  electronic  circuitry, 
waa  aelected  ao  that  an  alarm  li^t  will  flaah  when  light  of  a  pradatarmined 
intanaity  entera  through  tha  objective  lena  within  ita  cone  of  vlalon.  The 
high- low  aalaction  awitch  anablea  tha  oyatem  to  detect  at  two  different 
light  lavala.  In  general,  tha  "low"  poaltion  will  require  a  light  intanaity 
greater  than  ordinary  room  light  to  indicate  an  alarm.  The  "high"  poai- 
tion  will  reault  in  an  alarm  at  ambient  room  light  intanaitlaa.  Thia  ia 
aomewhat  dependant  upon  the  ll^t  pipa  length  and  the  intanaity  of  tha  room 
ambient  light.  With  the  aelection  awitch  in  the  "high"  poaitlon,  only  one  of 
the  three  taat  lampa  in  the  objective  lana  adaptor  aaaembly  la  needed  to 
alarm  the  ayatem,  wheraaa  in  the  "low"  poaitlon,  at  leaat  two  of  them  muat 
be  activated.  A  third  teat  lamp  providea  a  margin  of  aafaty,  enauring  an 
alarm  under  all  conditiona,  including  all|^tly  worn  taat  lamp  dry  calla. 

5.2  Configuration  of  gxparimantal  Idodel 

Tha  control  unit  ia  houaad  in  a  alopiag  panel  utility  cabinet  with  tha  alarm 
unit  and  viewer  aaaembly  mounted  on  the  front  panel,  aa  ahown  in  Figuraa 
59  and  60.  The  varioua  controla,  indicator,  and  viewer  are  ahown  in  both 
figurea.  The  dry  cella  for  the  teat  circuit  are  not  ahown  but  are  located 
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on  the  inside  of  the  rear  panel  of  the  cabinet*  These  are  readily  accessible, 
as  well  as  the  alarm  unit  light  pipe  adaptor,  through  the  hand  hole  located 
in  the  rear  panel.  Terminals  for  the  28  volt  DC  supply,  with  the  polarity 
indicated,  are  located  at  the  top  center  of  the  rear  panel. 

Figure  58  shows  sectional  views  of  alarm  unit  light  pipe  adaptor,  light  pipe 
end  fittings,  connector  and  the  test  light  and  objective  lens  adaptor  assembly. 
From  these  views,  continuity  of  the  two  electrical  circxiits  for  the  test  lamps 
can  be  traced  through  the  adaptors,  the  connector,  and  the  light  pipes.  The 
light  transnoission,  from  the  test  lamps,  or  light  through  the  objective  lens, 
can  also  be  traced  through  the  light  guides  and  connector  to  the  cell.  With 
the  cell  moved  aside  by  pressing  the  observation  lever,  the  image  on  the 
end  of  the  light  pipe  can  be  viewed  through  the  eyepiece  assembly. 

The  eyepiece  assembly  was  designed  to  bring  the  image  end  of  the  light 
pipe  into  proper  focus  when  its  mounting  thread  is  completely  engaged  in 
the  front  panel.  The  image  may  be  observed  through  this  eyepiece  when 
the  cell  is  moved  aside  by  pressing  the  viewing  lever,  lliree  eyepiece 
assemblies  are  provided  so  as  to  enable  the  observer  to  view  the  image 
with  3X,  5X,  or  lOX  magnification. 

The  objective  lens  supplied  as  part  of  the  system  is  an  Elgeet  No.  WC727 
8nun  motion  picture  camera  lens,  with  a  focal  length  of  7inm,  to  permit 
broad  angular  coverage,  and  with  a  focal  ratio  of  f/2.7.  The  standard  ’’D*' 
mount  thread  provided  with  the  test  light  assembly  permits  any  of  a  variety 
of  8mm  camera  lenses  to  be  readily  Interchanged. 

Figure  60a  is  an  oblique  front  view  of  the  control  unit  assembly.  Figure  60b 
is  an  exploded  view  of  the  light  pipe  assembly  showing  the  two  light  pipes  of 
dlfierent  lengths,  the  connector,  the  objective  lens  adaptor  (t«st  lamp  assembly) 
and  the  objective  lens.  Figure  60c  is  a  rear  view,  with  the  rear  plate  removed, 
of  the  alarm  unit.  This  view  shows  the  arrangement  of  components  and  elec¬ 
tronic  circuitry  within  the  unit. 

5.  3  Operation  of  Experimental  Model 

Three  configurations  of  the  present  demonstrator  are  possible  with  regard 
to  fiber  bundle  length.  They  are  (1)  control  unit  with  the  six  foot  light  pipe 
and  the  objective  lens  assembly,  (2)  control  unit  with  the  seventeen  foot 
light  pipe  and  the  objective  lens  assembly,  and  (3)  control  unit  with  both 
light  pipes  Joined  with  the  connector  and  the  objective  lens  assembly. 

Using  any  of  these  three  configurations,  operation  is  as  follows: 

(1)  Connect  a  28  volt  DC  supply  to  the  terminals  provided  on  the  upper 
center  of  the  rear  panel,  observing  proper  polarity. 


107 


(2)  Check  to  ascertain  that  the  test  circuit  "D”  cells  are  properly 
installed  in  their  holders  inside  of  the  rear  panel* 

(3)  Place  the  OPF* LOW-HIGH  switch  to  the  LOW  position. 

(4)  Press  the  test  light  aseembly*  Obserye  the  warning  lamp.  This 
should  flash  approximately  five  times  per  second  while  in  the  test 
position. 

(5)  Press  the  observation  lever  and  observe  the  end  face  through  the 
eyepiece.  The  end  face  will  appear  as  a  pale  green  array  of  luminous 
points  under  room  lighting. 

(6)  With  the  observation  lever  still  depressed  and  while  observing  through 
the  eyepiece,  press  the  test  light  aseembly.  The  end  face  will  change 
from  the  pale  greenish  appearance  to  a  relatively  bright  yellow- green. 

These  first  six  steps  verify  that  the  system  is  functioning  properly. 

(7)  Locate  a  flame  or  light  source  in  the  cone  of  vision  of  the  objective 
lens.  This  will  put  the  system  into  alarm  condition  as  indicated  by 
the  flashing  of  the  indicator  light.  With  the  observation  lever 
depressed,  a  flickering  flame  or  moving  light  will  appear  as  a  pat¬ 
tern  of  scintillating  dots .  A  steady  flame  or  light  will  show  up  as  a 
steady  array  of  bright  dots.  The  larger  the  flame  or  light,  and  the 
closer  it  is  to  the  objective  lens,  the  greater  will  be  the  number  of 
illuminated  dots  (individual  fibers)  and  conversely.  With  a  little 
experience,  the  observer  will  be  able  to  dlscrlnlmate  between 
ambient  light,  various  flames,  and  other  sources  of  light. 

The  HIGH  position  on  the  selector  switch  is  provided  for  detecting  and 
observing  small  flames  and  light  sources  under  fairly  low  room  lighting 
conditions  or  with  the  full-length  light  pipe  configuration. 
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SSCriON  6.  OONCLUSIONS  AMD  RSCa'-lyQNDATIONS 


Our  studies  have  indicated  that  the  new  technolo£;y  of  fiber  optics  can  make  a 
substantial  contribution  to  present  techniques  of  detecting,  verifying,  or  identl 
fying  various  vehicular  malfunctions  which  may  occur  aboard  aerospace  vehicles. 
The  compatibility  of  suitably  protected  glass  fibers  with  a  broad  range  of 
possible  aerospace  environments  has  been  established  In  the  laboratory. 

In  situations  whera  detailed  pictorial  information  mu.^t  be  transmitted,  present 
fiberscope  fabrication  techniques  can  provide  the  transfer  of  extremely  high 
quality  images.  Vh^re  visual  signals  of  a  lower  information  content  must  be 
transoiitted,  such  as  In  the  identification  of  an  accidental  fire  in  a  dark  engine 
compartment,  a  light-weight,  economical  light  pipe  configuration  can  be  used 
to  great  advantage.  In  either  case,  where  flames  or  overheated  surfaces  are 
to  be  observed,  the  transmission  capabilities  of  fiber  bundles  can  be  greatly 
extended  through  the  use  of  image  tubes-. 

Our  studies  have  also  Indicated  directions  In  which  future  improvements  might 
profitably  be  sought  In  the  further  development  of  the  optical  fiber  art  for  aero 
space  applications.  Transmit tanoe  variations  among  fibers  might  be  reduced 
as  a  result  of  further  study,  leading  to  higher  quality  images.  Mschanleal 
strength  is  another  area  of  concern  to  the  fiber  industry,  for  it  is  balhrsd 
that  present  fibers  do  not  exhibit  the  durability  which  thsy  ultimately  should; 
mschanical  wsaknaases  sxert  their  greatest  threat  during  the  fabrication  and 
assembly  of  the  fibers,  resulting  in  production  yields  which  are  lower  than 
they  might  be,  with  consequent  adverse  effects  upon  delivery  and  cost. 

With  regard  to  the  over-all  aspects  of  radiative  hazard  detection,  it  has  been 
pointed  out  that  the  photodatectlon  problem  is  essentially  a  discrimination  pro¬ 
blem,  and  that  further  information  on  the  radiative  background  signals  to  be 
found  in  modern  aerospaoe  vehicle  danger  zones  would  be  of  great  value  in 
establishing  design  criteria  for  automatic  detection  systems  to  be  used  with 
fiber  bundles. 

Osspits  future  improvements  which  might  be  achieved,  it  is  our  firm  belief  that 
tbs  fiber  optics  art  as  it  now  exists  is  ready  for  the  'flight  test*  stags  end 
that  the  greatest  inmediate  advance  in  our  knowledge  of  fiber  optic  senspaoe 
applieations  would  be  found  in  ths  actual  preparation  and  testing  of  various 
fiber  bundle  eonfiurations  aboard  flight  vehielas. 
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FIGURE  la. 


END  FACES  OF  MONOFILAMENT 
FIBER  BUNDLES  AT  VARIOUS 
MAGNIFICATIONS. 


^r<V  .-'N'  ■ 
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FIGURE  lb. 


Bundle  In  middle  photograph  is 
unevenly  illuminated. 
Discussion  in  Paragraph  2.1.1. 


SEVERAL  FUSED  FI 
PLATES  UNDER  VAl 
MAGNIFICATIONS  A 
CONDITIONS. 


(URE  lb.  SEVERAL  FUSED  FIBER  FACE¬ 
PLATES  UNDER  VARIOUS 
MAGNIFICATIONS  AND  LIGHTING 
CONDITIONS. 
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FIGURE  Ic. 


MULTIFIBERS  UNDER  mCH 
MAGNIFICATION. 


Lower  photograph  is  40X  actual  size 
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(End  Burfacs  losaea  not  included) 
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ripure  9.  Tiber  radiation  pattern  with  17"  input  cone. 
Tore:  ST  4  plass  (n=1.755) 

Tladdinp:  R-6  plass  (n=1.520) 
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_  INPUT  Lir.HT 
PErF.PXN'n  INTENSITY 


Fifjure  10.  Fiber  Radiation  Pattern  with  74°  input  cone. 
Core:  SF  4  p.lass  (n=1.755) 

Cladding:  P-6  glass  (n=1.520) 


Tension  at  breaking  point  in  units  of  1000  psi. 
Figure  11c. 

BF-2/KG-12  Monofibers  (toUl:  50). 


FlGURi:  11.  FREQUENCY  OF  BREAKAGE  V5.  TENSION 
FOR  THREE  GROUPS  OF  FIBERS. 
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Glass  fiber  positioned  on 
mounting  plate  of  shear 
test  jig.  Clamp  and  shear¬ 
ing  pin  in  open  position.  — *> 


FIGURE  12.  SHEAR  STRENGTH  APPARATUS 
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Si 


Shear  Point  in  Pounds 


10  mil  fihors 

riGURK  13.  DISTRIBUTION  OF  SHEAR  POINTS 
FOR  MONO-FIBERS  OF  VARIOUS  OlAMETBRS. 
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Test  fiber  being  guided 
aroiuid  guide  ring  to 
form  loop. 


Ends  of  fiber  grasped, 
and  tension  applied. 


Diameter  of  fiber  loop 
decreasing  under  tension. 
(Wire  used  in  photo  for 
visibility. 


FIGURE  14.  TEST  FOR  MINIMUM  BEND  RADIUS  OF  GLASS  FIBERS. 
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BREAKING  RADIUS  IN  INCHES 
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figure  16.  TYPICAL  FIBER  VISCOSITIES  VS.  TEMPERATURE 


126 


iN30  dad  HI  aaHvxiiwsNi/di  a.’in 


127 


WAVELOr.TH  TH  KII,I.r«irpnNS 


Figure  19.  Theoretical  spectral  transmittance  of  four 
fiber  bundles  with  70%  area  factor.  (See  Paragraph  3.1.1.) 
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Approximately  one  million  fibers  shown.  See  paragraph  3. 


132 


FIGURE  23.  APPEARANCE  OF  ENGINE  FIRE 
THROUGH  SIMULATED  LENGTHS  OF  MULTIFIBERSCOPE 
Approximately  100,000  image  points  shown.  See  Paragraph  3.1. 
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FIGURE  24.  LOW  RESOLUTION  FLAME  IMAGE  TRANSMITTED  BY 
SIMULATED  LENGTHS  OF  MONOFILAMENT  FIBERSCOPE 
(See  Paragraph  3.1.1.) 
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figure  25.  SMALL,  FLAME  AND  GLOWING  TURBINE  CASING  SEEN  THROUGH 
SIMULATED  LENGTHS  OF  MULTIFIBERSCOPE 
(See  Paragraph  3.1.1.) 
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ripure  25.  ''T.''SniY  rfrKFn  /'’’’’fY  ri^FF  Cins,  TYPIC/'I.  Ijr-HT  PIPES. 
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FIGURE  28a. 


TEST  PATTERN  I]i4AGED  BY  FUSED 
FACEPLATE  WITH  *’FOUR  MIL** 
FIBERS. 


MafulBeation;  apj^roximataly  SOX. 
For  compariaoB  witk  Figuras  2th 
and  28c. 


Ki 


••• 


FIGURE  28b.  TEST  PATTERN  IMAGED  BY  1 
FACEPLATE  WITH  ”TWO  MIL 
FIBERS. 


Magnificatioa:  ai^roximataly  ! 
For  comparison  with  Flguroo  2 
and  2Sc. 


FIGURE  28b.  TEST  PATTERN  IMAGED  BY  FUSED  FIGURE  28c.  TEST  PATTERN  IMAGED  BY  FUSED 

FACEPLATE  WITH  "HALF  MIL" 
FIBERS. 

Magnification:  approximately  SOX. 
For  comparison  with  Figures  28a 
and  28b. 


FACEPLATE  WITH  "TWO  MIL" 
FIBERS. 

Magnification:  approximately  SOX. 
For  comparison  with  Figures  28a 
and  28c. 
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FIGURE  30.  PERCEPTIBILITY  OF  INCANDESCENT  TURBINE  CASING  VERSUS 

APPARENT  IMAGE  SIZE. 

(Se«  Paragraph  3.1.4.) 
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3’.  Color  test  chart  photofjraphed  directly 
and  throuph  25  foot  fiberscope. 


(fee  Faragraph  3.1.6,) 
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FIGURE  32.  PAIR  OF  JOINED  12f-FOOT  FIBERSCOPES  USED  IN  PREPARING  FIGURE  31. 
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rpURE  38.  "IMARE  WASHOUr’  DUE  TO  AM3IENT  LIGHT  FALLING  ON  END  FACE. 

The  indicated  end-face  illuminance  values  are  approximate.  (See  Paragraph  3.1.7 
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£/8  aperture  £/16  aperture 

FIGURE  39.  INCREASED  IMAGE  MOTTLING  WITH  REDUCED  OBJECTIVE  LENS  APERTURE. 


f/8,  on-axis 


f/2,8,  20°  off-axis 


ri(5ure  40.  Image  brightness  vs.  viewing  angle  and  objective  lens 

aperture  ratio. 

( See  Paragraph  3.1.9.) 
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FIGURE  41.  TYPICAL  VIBRATION  TEST  ARRANGEMENT,  SHOWING  SHAKER  TABLE 
AND  CONTROL  CONSOLE.  (See  Paragraph  3.  2.  2) 


Reference  focal  length,  L 


1.5L 


Figure  42. 


Effect  of  varying  the  objective  lens  focal  length 
(See  Paragraph  4.1.1.) 
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NOTE  UNLESS  OTHERWISE  SPECIFIED 

1.  ALL  RESISTOR  VALUES  ARE  IN  OHMS,±5%,l/4W 

2.  COMPONENTS  ENCLOSED  THUS - ARE  MOUNTED  ON  PC  BOARD. 

A  3.  CELL  TYPE,  CLAIREX  #CL603AL. 

A  4.  THERMISTOR  TYPE,  FENWAL  ELECT.  *KA3ILI. 

A  ^  MICROSWITCH  (SW2)TYPE,  MINNEAPOLIS  HONEYWELL ^302 PBI-T-RR 

FIGURE  44,  PHOTODETECTION  CIRCUIT  USED  IN  EXPERIMENTAL 
BREADBOARD.  (See  Paragraph  4.  2.  3) 
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OBJECTIVE  END 


\l\E\NEO  END 


ZONE 
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View  of  container  used 
for  simulating  a  section 
of  a  jet  engine.  Fuel 
container,  fuel  atomizing 
jet.  one  self- cleaning 
window  and  lighting  con¬ 
nections  also  shown. 


View  of  container  with 
self- cleaning  windows 
attached. 


Another  view  of  container 
with  self- cleaning  windows 
attached. 


FIGURE  46.  SELF-CLEANING  WINDOW  TEST  ARRANGEMENT. 
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TIN  OnrE  FILM 


FIRUFE  47.  ONE  FORM  OF  THERMAL  SELF-CLEANING  WINDOW. 
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IBTAL  CONTACTS 


FIGURE  48.  ANOTHER  FORM  OF  THERMAL  SELF-CLEANING  WINDOW. 
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Teat  Window  #1 
with  brass  foil  and 
silver  paint  contacts. 


Test  Window  #2 
with  different  contacts 
and  added  insulation. 


FIGURE  49.  VARIOUS  SELF-HEATED  TEST  WINDOWS. 
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Self- cleaning  window 
using  flow  of  hot  air 
between  two  glass  plates. 


Same  window  shown  with 
air  line,  heater  chamber 
and  heater  transformer. 


Self- cleaning  window  with 
electrical  ring  heater 
sandwiched  between  two 
glass  plates. 


FIGURE  50.  TWO  OTHER  FORMS  OF  SELF-CLEANING  WINDOWS. 
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Positive  flow  of  air 


t  ^ 

■»-  Enpine  chamber-^ 


Negative  pressure  flow 
Attracting  contaminants  toward 
exposed  surface  of  glass  lens) 


Maximum 

orifice 


Multiholed  ‘♦5° 
tubular  Connecting 


Figure  51a 


ring 
Mounting  sleeve 


,^lens  holder 
Sealing  ring 
Class  lens 


tube 


Figure  51d 


Figure  51c  Figure  51f 

FIGURE  51.  SELF  CLEANING  WINDOWS;  AIR  FLOW  DEVICES 
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rif’ure  53a 


—  Engine 


Figure  53b 


FIGURE  53.  SELF  CLEANING  WINDOWS;  AIR  FLOW  DEVICES 
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Oil  and  soot  covered 
window,  from  wiper 
side. 


Window  partially  cleared 
of  oil  and  soot  with  one- 
half  pass  of  wiper. 


Window  virtually  cleared 
of  oil  and  soot  with  one 
pass  of  wiper. 


FIGURE  54.  OPERATION  OF  ELECTROMECHANICAL  SELF-CLEANING 
WINDOW.  EXTERIOR  VIEW. 
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Oil  and  soot  covered 
window,  from  wiper 
motor  side. 


Window  partially  cleared 
of  soil  and  soot  with 
one-half  pass  of  wiper. 


Window  virtually  cleared 
of  oil  and  soot  with  one 
pass  of  wiper. 


FIGURE  55.  OPERATION  OF  ELECTROMECHANICAL  SELF-CLEANING 
WINDOW.  INTERIOR  VIEW. 
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FIGURE  56.  AN  INFRARED  IMAGE  CONVERTER,  A  REFERENCE  PHOTOGRAPH,  AND  TWO  CONVERTED  IMAGES 

(See  Paragraph  4.6.) 


Scene  under  direct  daylight  illumination 


Indirectly  illuminated  scene 


Scene  under  incmdescent  lighting 


FIGURE  57.  CONTROL  PHOTOGRAPHS  (LEFT)  AND  CONVERTED  INFRARED 
IMAGES  (RIGHT)  OF  VARIOUS  SCENES  CONTAINING  ORGANIC  DIFFUSION  FLAMES. 

(See  Paragraph  4.6.) 
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REI^R  PLATE  (ALARM  UNIT) 


-PHOTOCELL 
PHOTO  CELL  »SSY 


CONNECTOR - 


LIGHT  PIPE,  END  FITTING 
-ALARM  UN/TAPAPTOR  (a) 


001  inner  shield - > 

TEFLON  TUBE— \  \ 
XI -  OOTERSHIELP-\  \ 


LIGHT  GUIDE 


-LIGHT  PIPE  END  FITTING 


"r“  ur)iiKir  AhADTnD  cno  no  iprriup  / 


LIGHT  PIPE  END  FITTING 
323  LAMPC3REQ0) 

FIGURE  58.  ALARM  UNIT  ADAPTOR  (a);  CONNECTOR  (b);  AND 
TEST  LIGHT  ASSEMBLY  (c).  (See  Section  5) 
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Fig.  60a 

Control  unit  assembly 


Fib.  60c 

Internal  view  of  alarm  unit 


FIGURE  60.  EXPERIMENTAL  FIBER  OPTIC  HA2LARD  DETECTION  SYSTEM 
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APPENDIX 

IMAGE  TUBES 


This  appendix  was  prepared  by  Mr.  Robert  M.  Burley, 
Concord,  Massachueetts,  serving  as  a  consultant  to  the 
contractor. 
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to  Image  Tube . . . . 
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APPENDIX  A.  IMAGE  TUBES 


A.  Introduction 

As  was  made  evident  in  Paragraph  3.  1.  1,  an  image  transmitted  by  a  long 
bundle  of  optical  fibers  suffers  a  substantial  loss  of  brightness.  This 
brightness  may  be  restored  at  least  in  part  by  means  of  elec:i-ronic  image 
intensification.  Other  benefits  may  be  obtained  as  outlined  below. 

B.  Approaches 

There  are  two  general  approaches  to  electronic  image  intensification. 

One  accomplishes  an  image  brightening  process  completely  within  a  single 
physical  unit.  The  other  utilizes  an  image  pickup  tube  to  transform  the 
image  information  into  a  video  signal  which  is  transmitted  by  wires  or  by 
radio  signals  to  a  remote  cathode  ray  presentation  unit.  While  the  latter 
provides  greater  flexibility,  its  relative  complexity  and  power  require¬ 
ments  make  it  less  attractive  for  flight  safety  instrumentation.  Only  the 
former  approach  is  treated  in  the  present  report. 

For  purposes  of  analysis,  the  image  intensifier  may  be  treated  as  a  "black 
box"  which  can  be  inserted  in  an  optical  image  transmission  system.  The 
input  element  is  a  photosensitive  surface  and  the  output  element  is  a  phosphor- 
coated  surface  which  is  excited  by  a  beam  of  electrons  to  emit  a  luminous 
image.  In  use,  the  input  surface  is  placed  at  an  image  plane  of  the  optical 
system  such  as  at  the  focal  plane  of  an  objective  lens  or  in  contact  with  the 
end  face  of  a  glass  fiber  bundle.  The  output  phosphor  image  may  be  viewed 
directly  or  through  a  magnifying  eyepiece,  or  may  be  fed  into  a  glass  fiber 
bundle  by  direct  contact  or  by  means  of  re -imaging  optics.  When  it  is 
introduced  into  the  middle  of  an  optical  transmission  system,  an  image 
intensifier  may  be  likened  to  an  amplifying  relay  unit  in  a  communications 
transmission  line. 

Image  intensifier  tubes  presently  available  use  a  high  voltage  in  the  neighbor¬ 
hood  of  6  to  20  kilovolts,  depending  upon  the  tube  type  and  upon  the  brightness 
gain  desired.  Using  electrostatic  focussing,  most  of  the  tubes  consume  very 
little  electrical  current,  usually  less  than  one  microampere.  The  high  vol¬ 
tage  can  therefore  be  developed  in  a  small  vibrator-transformer-rectifier 
unit,  as  is  presently  done  in  the  hand-held  snooperscope. 

For  flight  safety  equipment  purposes,  the  entire  assembly,  including  all 
high  voltage  leads,  can  be  housed  in  an  explosion- proof  enclosure.  Since 
the  required  operating  power  is  less  than  one  watt  at  low  voltage,  the  device 
can  be  powsrcd  by  a  self-contained  rechargeable  cell  such  as  a  nickel- 
cadmium  cell,  making  it  independent  of  vehicle  power  failure. 


175 


C.  Image  Changea  Introduced  by  Image  Tubes 


When  an  image  intensifier  is  introduced  into  an  optical  transmission  system, 
the  output  is  not  simply  equal  to  the  input  intensified  by  some  factor.  Be¬ 
sides  being  intensified,  the  picture  is  generally  altered  in  at  least  four  ways: 
(1)  a  color  translation  takes  place;  (2)  a  change  in  the  angular  distribution 
of  the  rays  occurs;  (3)  magnification  may  be  changed,  and  (4)  a  loss  in  reso¬ 
lution  may  occur. 

1 .  Change  in  Color 

The  color  translation  involves  the  spectral  sensitivity  of  the  input  photo¬ 
surface  and  the  spectral  emission  of  the  phosphor.  Since,  in  ordinary 
image  tubes,  the  color  of  the  output  is  determined  by  the  characteristic 
emission  of  the  particular  phosphor  used,  regardless  of  the  spectral  dis¬ 
tribution  of  the  input  image,  the  color  content  of  the  image  is  ordinarily 
lost.  (Color  information  could  be  retained  by  resorting  to  the  complexity 
of  a  scanning  system  such  as  a  color  television  systenrv.)  On  the  other  hand, 
the  color  translation  inherent  in  the  process  opens  up  possibilities  of  re¬ 
laying  information  contained  in  the  image  in  wavelengths  invisible  to  the 
eye.  For  example,  infrared  rays  from  a  hot  object  or  ultraviolet  rays 
from  a  flame  can  be  translated  to  form  a  visible  image  of  the  object  on  the 
phosphor  screen.  By  selective  filtering,  the  system  can  be  made  in¬ 
sensitive  to  visible-band  wavelengths.  Expedients  which  may  be  used  to 
make  a  system  that  sees  only  a  hazardous  scene  will  be  discussed  later 
in  this  Appendix. 

Commercially  available  image  converter  tubes  are  made  with  a  cesium- 
oxide-silver  photosurface  designated  S-1  by  the  manufacturers  and  with  a 
cesium-antimony  surface  designated  S-21.  The  former,  used  in  World 
War  II  snooperscopes,  has  low  sensitivity  in  the  visible  spectrun^  but  has 
some  sensitivity  in  the  near  infrared  out  to  about  1.  1  micron.  The  S-21 
surface  has  good  sensitivity  to  blue,  violet  and  near-UV,  but  is  blind  to  red 
and  to  longer  wavelengths.  Spectral  response  curves  are  shown  in  Figure 
Nos.  A-1  and  A-2.  The  quantum  efficiencies  at  their  peak  response  wave¬ 
lengths  are  about  0.4%  and  7%  respectively.  The  P-20  phosphor  is  generally 
used  for  the  output  surface.  Its  emission  curve  is  shown  in  Figure  No.  A-3. 

2.  Change  in  Angular  Distribution  of  the  Rays 

This  is  inherent  in  the  phosphor  emission  process.  Phosphor  emission  is 
nearly  Lambertian;  a  cathode  ray  tube  picture  can  be  seen  with  nearly  the 
same  brightness  from  any  direction.  (The  newer  transparent  phosphors 
such  as  the  P-5  follow  more  closely  a  Lambertian  distribution  than  the 
ordinary  settled  phosphors  such  as  the  P-11,  but  in  either  case  the  depar¬ 
ture  is  nearly  negligible. )  The  fact  that  kn  image  tube  scene  can  be  viewed 
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from  any  direction  may  be  important  in  a  practical  installation,  as  discussed 
under  Viewing  Optics,  which  follows. 

D.  Viewing  Optics 

1.  Eye  Freedom 

A  point  image  conveyed  by  a  system  of  lenses  or  mirrors,  either  with  or 
without  fiber  optics,  as  long  as  it  contains  no  diffusion  (ground  glass)  element, 
can  be  viewed  only  from  within  a  restricted  cone  determined  by  the  numerical 
aperture  of  the  system.  (Numerical  aperture,  or  N.  A.  ,  is  equal  to  the  in¬ 
verse  of  twice  the  f/ratio  of  the  system. )  Other  points  in  the  image  can  be 
viewed  only  from  within  a  different  cone.  The  circular  area  where  all  of  the 
cones  from  all  points  in  the  image  intersect  defines  the  exit  pupil  of  the 
system.  If  the  eye  is  placed  within  the  circle,  it  can  see  the  whole  scene. 

If  not,  it  can  see  only  as  much  of  the  scene  as  it  could  see  through  an  imagi¬ 
nary  hole  located  at  the  exit  pupil.  In  installations  where  the  observer  must 
be  some  distance  away  from  the  nearest  optical  element,  this  becomes  a 
problem;  either  the  magnification  must  be  made  small  or  the  optical  ele¬ 
ments  large,  since  the  exit  pupil  diameter  is  equal  to  the  objective  element 
diameter  divided  by  the  magnification. 

If  diffusion  is  introduced  by  a  ground  glass  or  opal  glass  or  a  white  matte 
projection  screen,  the  image  becomes  visible  from  anywhere  in  the  hemis¬ 
phere  cut  by  the  image  plane.  The  price  paid  is  in  image  brightness,  which 
for  the  case  of  perfect  diffusion  becomes  reduced  to  (N.  A. )®  times  the  bright¬ 
ness  that  would  appear  with  direct  undiffused  viewing. 

The  difference  between  direct  and  diffused  viewing  is  familiar  to  users  of 
reflex  cameras  having  a  ground  glass  focussing  area  in  a  "bright  field"  view¬ 
finder.  Because  ground  glass  is  not  a  perfect  diffuser  (forward  scattering 
exceeds  oblique  scattering)  the  loss  of  brightness  is  not  as  great  as  if  it 
were;  but  by  the  same  token  the  brightness  varies  with  viewing  angle.  The 
latter  effect  is  also  familiar  to  reflex  camera  users  and  is  the  reason  for 
the  usual  inclusion  of  a  field  lens  to  direct  the  forward  scattered  light  into 
the  eye. 

2.  Resolution 

Combinations  of  fiber  optics  and  image  tubes  can  be  made  to  yield  picture 
resolution  elements  0.  005"  in  diameter  or  smaller,  such  as  by  using  0.  005" 
or  smaller  fibers  with  one  of  the  image  ttibes  listed  in'Table  A-1  in  Para¬ 
graph  E.  3. ,  for  example. 

Limiting  angular  resolution  of  the  eye  for  a  high  contrast  bright  scene 
(about  10-foot  lamberts  or  onore)  is  on  the  order  of  ^  milliradian.  This 
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xalis  off  markedly  at  much  lower  levels.  The  resolution  of  the  eye  at  low 
light  levels,  and  the  related  ability  to  detect  and  to  identify  objects  is 
treated  in  Reference  135,  starting  on  Page  249. 

Considering  the  eye's  resolution  as  ^  milliradian,  a  picture  having  0.005" 
elements  can  just  be  resolved  at  a  distance  of  ten  inches  when  viewed 
directly  without  a  magnifying  lens  or  eyepiece.  For  some  installations,  at 
least,  ten  inches  is  undesirably  close  to  the  observer's  eye;  hence  some 
form  of  magnification  is  required  if  the  resolution  capability  of  the  image 
tube  -  fiber  bxmdle  combination  is  to  be  fully  exploited.  A  treatment  of 
magnifiers  is  given  below. 

3.  Lens  Magnifier  or  Eyepiece 

Figure  A- 5  shows  an  object  having  a  linear  dimension  h  magnified  by  a  lens  L 
to  a  virtual  image  of  dimension  h'.  If  F  is  the  focal  length  of  the  lens,  then 
by  simple  geometrical  optics  if  can  be  shown  that  the  linear  magnification  is: 

h*  ^  a'  _  F 
h  a  F  -  a 

The  angular  magnification  is 


a'  (d  4  a) 
a  (d  +  a') 

For  the  example  shown,  which  illustrates  the  use  of  a  simple  magnifier,  the 
eye  can  be  moved  from  the  axial  position  at  e^,  as  far  as  position  ei ,  and  still 
see  the  whole  object  through  tlie  lens,  since  the  point  Li  falls  within  the  edge 
of  the  lens,  provided  that  the  angle  63  does  not  exceed  the  maximum  angle  at 
which  rays  emanate  from  the  image  h. 

From  Figure  A- 5  it  is  obvious  that  for  greatest  eye  freedom,  a'  should  be 
kept  as  small  as  possible  (consistent  with  the  magnification  required)  in  re¬ 
lation  to  the  lens  diameter.  This  calls  for  a  lens  of  short  focal  length  in 
relation  to  diameter.  The  lens  may  be  made  up  of  several  elements  to  gain 
f/ratio,  but  the  practical  limit  is  not  much  faster  than  f/1. 

Figure  A-5  and  the  magnification  formulae  apply  also  when  the  lens  is 
considered  as  an  eyepiece,  but  in  this  case  the  eye  is  generally  closer,  the 
angular  field  of  view  larger,  and  the  lens  components  are  arranged  differently 
to  minimise  aberrations  throughout  the  larger  angular  field  of  view. 

The  lens  can  be  placed  at  an  object  distance  "a"  which  is  greater  than  its 
focal  length  F.  In  this  case  h'  and  a'  become  negative,  which  means  that  an 
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inverted  image  is  formed  on  the  eye  side  of  the  lens.  This  arrangment  is 
suitable  only  when  d  is  necessarily  large,  because  the  eye  must  focus  on  the 
nearer  image. 

4.  Fiber  Optics  Magnifier 

A  tapered  fiber  bundle  may  be  used  as  a  magnifier  as  shown  in  Figure  A-6. 
The  phosphor  should  be  deposited  directly  on  the  small  end  of  the  bundle, 
to  avoid  loss  of  resolution.  The  linear  magnification  is  equal  to  the  ratio 
of  the  output  to  input  fiber  diameter.  Eye  freedom  is  determined  sub¬ 
stantially  by  6f  ,  where  sin  =  sin 

magnification 

When  the  image  being  magnified  is  emitted  by  a  phosphor  screen  with  a 
nearly  Lambertian  light  distribution,  sin  6i  is  limited  only  by  the  maxi¬ 
mum  numerical  aperture  of  acceptance  of  the  fiber,  which  can  readily  be 
made  as  high  as  0.  8;  hence  good  eye  freedom  along  with  substantial  magni¬ 
fication  can  be  realized. 

Aside  from  reflection  and  absorption  losses  and  the  effect  of  fuzzing  of  the 
exit  pupil,  which  are  slight  in  a  very  short  fiber  bundle,  neither  the  tapered 
fiber  bundle  nor  the  lens  magnifier  affects  the  brightness  of  an  image  viewed 
directly  (i.  e.  ,  without  diffusion)  through  them. 

5.  Coupling  Optics 

Brightness  gain  with  cascaded  image  converters  is  treated  in  Sub-Appendix 
B.  2  on  the  basis  of  unity  magnification  in  the  coupling  optics  between  them. 
With  such  coupling,  because  of  the  minification  provided  by  the  image  tubes 
themselves,  the  full  face  of  only  the  first  tube  in  the  series  is  utilized,  and 
system  resolution  is  affected  more  by  the  last  tube  because  the  resolution 
losses  in  the  first  become  scaled  down. 

If  magnification  is  introduced  in  the  coupling  between  cascaded  image  tubes, 
a  reduction  occurs  in  image  brightness  gain  from  that  stated,  according  to 
the  square  of  the  input/output  numerical  aperture  ratio  of  the  magnifier, 
which  is  according  to  the  square  of  the  magnification. 

E.  Image  Tube  Performance  Data 

Treatments  of  the  dependence  of  image  tube  performance  upon  internal 
parameters  have  been  presented  in  the  literature  (see  References  135  to 
147).  These  include  discussions  of  various  configurations,  electrostatic 
and  magnetic  focussing,  sandwich  construction,  and  so  forth.  In  the  present 
report  only  the  external  performance  data  on  available  tubes  are  presented 
and  evaluated. 
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The  performance  of  image  converter  tubes  is  specified  in  terms  of  magnifica¬ 
tion,  resolution,  spectral  response  and  conversion  index  (output  image  light 
flux  in  lumens  divided  by  input  image  flux).  Also  of  interest  in  some  applica¬ 
tions  are  the  distortion  and  screen  background  brightness.  The  latter  sets 
a  lower  limit  on  input  intensity  that  can  be  distinguished  and  determines  the 
dynamic  range  of  the  device  when  related  to  the  maximum  output  phosphor 
brightness. 

1.  Image  Converter  Magnification 

Available  image  converter  tubes  have  a  magnification  of  about  0.  75,  i.  e. , 
the  linear  dimensions  of  the  output  image  are  about  3/4  those  of  the  input 
image.  This  reduction  can  be  compensated  for  by  optical  magnification  as 
discussed  elsewhere. 

2,  Image  Converter  Resolution  and  Information 

Resolution  capability  for  image  converters  is  expressed  in  a  manner  similar 
to  that  used  for  photographic  films.  A  test  pattern  is  imaged  onto  the  photo¬ 
cathode  by  a  high  quality  lens,  the  pattern  having  lines  with  various  spacings, 
and  line  widths  equal  to  those  of  the  spaces.  The  resolving  power  is  given 
as  the  limiting  number  of  line  pairs  per  millimeter  at  the  photocathode  that 
can  be  distinguished  in  the  output  phosphor  image. 

In  present  image  converter  tubes,  resolution  is  limited  chiefly  by  focus  of 
the  electron  beam  onto  the  screen,  and  by  spreading  of  the  image  in  the 
screen.  Resolution  is  somewhat  degraded  by  beam  focus  of  off-axis  electron 
beams,  as  shown  in  Figure  A-4,  which  results  in  a  somewhat  less  well  de¬ 
fined  image  at  the  edges  of  the  field  of  view  than  at  the  center. 

Nevertheless,  a  great  deal  of  information  can  be  conveyed  by  a  single  tube. 
Integrating  over  the  entire  surface,  there  are  typically  about  40,000  dis¬ 
tinguishable  picture  elements  in  available  tubes.  Stated  another  way,  based 
on  Figure  A-4,  the  image  tube  could  convey  substantially  all  of  the  optical 
information  which  can  be  carried  by  a  uniform  fiber  optics  bundle  of  0.  007" 
fibers  0.  8"  in  diameter  at  its  input  end,  or  a  bundle  of  0.  005"  fibers  0.  6" 
in  diameter  at  its  output  end.  More  information  could  be  conveyed  by 
grading  the  size  of  the  fibers  to  match  the  finer  resolution  of  the  image  tube 
at  the  center. 

This  is  still  somewhat  less  information  than  can  be  utilized  rapidly  by  the 
human  eye.  The  eye  could  absorb  the  optical  content  of  several  units  placed 
side  by  side,  by  rapid  visual  scanning. 
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3.  Conversion  Index 


The  radiant  conversion  index  Mj.  of  an  image  converter  in  terms  of  phosphor- 
screen-lumens  output  divided  by  effective- watts  input  is  determined  by  the 
product  of  the  radiant  sensitivity  of  the  photocathode  in  amperes  per  effective 
watt  of  incident  radiation  times  the  phosphor  screen-to-catliode  voltage  times 
the  phosphor  screen  "luminous  efficiency"  in  lumens  per  watt  of  electron 
beam  power. 

The  quantum  efficiency  and  hence  the  cathode  sensitivity  of  suitable  photo¬ 
cathode  surfaces  are  fairly  well  established  from  a  number  of  years'  ex¬ 
perience  with  photomultiplier  tubes  and  television  pickup  tubes.  Considerable 
work  has  been  directed  at  developing  surfaces  of  low  work  function  for  high 
sensitivity  in  the  visible  and  infrared.  Aside  from  the  multi-alkali  develop¬ 
ment  (leading  to  quantum  efficiencies  as  high  as  25%)  there  have  been  few 
improvements  in  available  materials  in  recent  years;  the  S-1  surface  has 
stood  as  the  only  photoemissive  material  used  in  commercially  produced 
tubes  which  respond  to  wavelengths  longer  than  one  micron. 

The  improvement  in  conversion  index  which  has  been  achieved  in  recent 
image  converters  has  therefore  resulted  primarily  from  use  of  higher 
screen  potentials  and  from  cascading  of  stages. 

Values  of  conversion  index  of  various  available  image  converters  are  given 
in  Table  A-1.  For  most  of  the  tubes,  published  values  are  given  of  the 
visual  conversion  index  for  a  2870*  K  color  temperature,  in  lumens  output 
divided  by  lumens  input 


Type  Spectral 
No.  Response 

Screen 

Volts 

Cathode 

Diameter 

Inches 

Conversion 

Index 

Resolution 
At  Center® 

Resolution 
0.  3"  From 
Center® 

Screen 

Background 

6914 

S-1 

16.  HOC 

1.  00 

15^ 

28 

13 

0.  25* 

6929 

S-1 

12,000 

0.  75 

10^ 

33 

9 

0.  33* 

7404 

S-21 

12,000 

0.  75 

6000® 

38 

9 

10 

o 

Table  A-1.  Operating  data  on  three  commercial  image  converter  tubes. 
For  all  three  types  listed:  Magnification  (output/input  image  size)'=  0.  75  . 
Screen  Phosphor  -  P20  (See  Figure  No.  A- 3). 

See  following  page  for  explanatory  notes  referred  to  in  above  table  by  super¬ 
scripts. 
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Notes: 


1.  Ratio  of  output  lumens  to  incident  2870*  K  lumens  at  photocathode. 

2.  Ratio  of  output  lumens  to  incident  radiant  flux  at  2537  angstroms. 

3.  Resolution  in  line  pairs  per  mm  at  photocathode. 

4.  Screen  background  brightness /conversion  index,  in  incident 
microlumens /cm* . 

E.  Screen  background  brightness /conversion  index,  in  incident 
watts  /  cm* , 

F.  Fiber  Optics -Image  Converter  Combinations 

1.  Coupling  Optics 

In  transferring  an  image  between  a  fiber  bundle  and  an  image  tube,  one 
must  consider  a  particular  problem  imposed  by  the  geometry  of  conventional 
image  tubes,  such  as  those  described  in  Table  A>1.  Both  the  photosensitive 
surfaces  and  the  pihosphor  surfaces  of  these  tubes  are  deposited  on  the  in¬ 
sides  of  glass  walls  which  are  many  thousandths  of  an  inch  thick.  If  one 
attempted  to  couple  an  image  tube  and  fiber  bundle  simply  by  placing  them 
in  contact,  the  lateral  spreading  of  light  rays  as  they  passed  through  the 
glass  walls  of  the  image  tube  would  cause  a  substantial  resolution  loss. 

Coupling  must  therefore  be  accomplished  through  the  use  of  conventional 
optics,  that  is,  by  using  a  lens  or  mirror  system  to  torm  an  image  of  the 
bundle  end  face  on  the  appropriate  image  tube  surface,  and  conversely. 

The  present  state  of  the  art  permits  the  fabrication  of  an  image 'tube  with 
tbe  glass  walls  replaced  by  thin  sections  of  fused  fiber  optics  faceplates. 

This  would  optically  bring  the  image  surfaces  of  the  tube  to  the  exterior  wall 
surfaces,  permitting  image  coupling  with  fiber  bundles  by  simply  butting  the 
appropriate  surfaces  together.  Such  image  tubes  are  not  yet  commercially 
available,  but  to*  n«w  under  development  by  various  companies.  A  com* 
parison  of  fiber  optics  coupling  with  Schmidt  mirror  coupling  is  discussed 
in  Reference  43  and  the  matter  of  coupling  is  also  reviewed  in  Reference  44. 

2.  Example  Combination 

A  combination  of  interest  in  the  fire  detection  problem  makes  use  of  a  long 
fiber  bundle  to  relay  an  image  of  an  area  under  surveillance,  followed  by  an 
image  intensifier  tube  to  brighten  the  image  and  to  make  up  for  losses  in  the 
long  bundle.  An  image  tube  having  an  S-1  photocathode  is  selected  for  the 
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example  because  its  response  in  the  near-infrared  makes  it  capable  of  picking 
up  overheated  objects  as  well  as  flames.  The  output  phosphor  image  can  be 
viewed  through  a  lens  magnifier.  This  combination  has  several  possible- 
advantages  over  the  alternative  arrangement  of  placing  the  image  tube  at  the 
input  end: 

(1)  The  image  intensifier  tube  would  be  remote  from  the  environ¬ 
mental  problems  within  the  engine  space  and  would  be  safely 
mounted  within  the  cockpit. 

(2)  Intensifying  the  image  after  it  has  been  attenuated  avoids  the 
saturation  of  the  tube  that  would  result  from  bright  objects  such 
as  flames  which  may  be  imaged  at  full  brightness  on  the  picture 
surface.  (See  Table  A-2). 

(3)  Fiber  optics  transmission  losses  are  less  for  the  red-infrared 
end  of  the  spectrum  (useful  with  the  S-1  photocathode)  than  for 
the  blue-green  phosphor  output  emission  of  the  image  tube. 

(4)  The  complication  of  using  long  electrical  leads  is  avoided. 

Using  generally  available  tubes  having  conventional  glass  faceplates,  the 
above  combination  requires  an  imaging  system  to  couple  the  output  end  of 
the  long  fiber  bundle  to  the  photocathode  of  the  image  tube.  As  stated  in 
Sub-Appendix  A,  the  exit  numerical  aperture  is  ill  defined  with  the  light 
intensity  tapering  off  from  the  angle  shown  in  Figure  No.A9as{0i  -A9)  to 
(01  +A9). 

The  second  half  of  the  above  combination  is  identical  to  that  shown  in  Fig¬ 
ure  A- 7;  hence  the  brightness  gain  of  the  second  half  is  as  given  in  the  formu¬ 
lae  in  Sub-Appendix  B  and  tabulated  for  particular  conditions  in  Table  A- 3. 

For  the  first  half,  the  losses  are  of  two  types,  those  due  to  attenuation  in 
the  fibers  and  those  due  to  numerical  aperture  fuzzing.  The  attenuation 
loss  is  discussed  in  detail  in  Paragraphs  2.  1.  1  and  3.  1.  1  of  the  main  body 
of  this  report.  For  a  60-foot  length  the  transmission  may  be  expected  to  be 
on  the  order  of  0.  2%.  The  extent  of  the  loss  due  to  numerical  aperture  limi¬ 
tations  in  very  long  bundles  is  not  as  well  known  and  varies  from  bundle  to 
bundle,  but  it  can  probably  be  limited  to  50%. 

Combining  these  two  values  to  give  0.  1%  for  the  first  half,  the  over-all 
performance  of  the  system  including  the  image  intensifier  can  be  determined 
by  dividing  the  values  given  in  Tablef-A-2  aad  A-3  by  1000. 

From  these  data,  the  1900*  flame  shows  brightly  on  the  phosphor  screen  at 
a  level  of  75  foot-lamberts.  The  1000*  K  source  also  shows  well,  at  a  level 
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RESPONSE  OF  S-1  PHOTOCATHODE  TO  VARIOUS  ILLUMINANTS 


of  1. 8  foot-lambert.  The  7S0*  K  source,  at  slightly  over  1/100  foot-lambert, 
can  be  seen,  but  at  this  level  it  would  not  be  noticeable  unless  Ae  phosphor 
screen  were  well  shielded  from  ambient  light  and  interference  from  face 
mask  reflections  was  absent. 

3.  Gain  of  Cascaded  Image  Converters 

For  a  two-stage  cascaded  system  of  cesium- antimony  tubes,  with  direct 
interstage  coupling,  the  over-all  visual  conversion  index  has  been  derived 
in  the  paper  starting  on  Page  1  of  Reference  135  and  has  been  computed  to 
be  1965,  though  measured  to  be  only  1000  in  a  particular  sample.  This  is 
somewhat  greater  than  the  square  of  the  conversion  index  of  a  single  tube, 
since  the  cesium-antimony  spectral  response  of  the  second  stage  is  well 
matched  (p  =  91%)  to  the  P-11  phosphor  spectral  emission  of  the  first 
tube. 

G.  Spectral  Filtering 

1.  Infrared  Region 

Although  sensitivity  to  daylight  of  the  S-1  photocathode  is  relatively  small, 
ambient  daylight  could  interfere  with  the  seeing  of  low  temperature  over¬ 
heated  objects.  Spectral  filtering  can  in  this  case  substantially  improve 
the  contrast  between  an  overheated  object  and  the  ambient-lit  background. 

For  example,  referring  to  Table  A-2,  if  all  radiation  short  of  0.  95  micron 
is  filtered  out,  response  to  sunlight  is  reduced  by  a  factor  of  20,  while 
response  to  a  750*  K  source  is  reduced  only  by  1.4.  With  such  filtering, 
effective  brightness  of  a  750*  K  source  is  equivalent  to  that  of  a  14  candles/ 
ft^  (Weston  exposure  meter  reading)  scene  illuminated  by  ambient  daylight. 
Even  more  drastic  filtering  could  be  used  but  this  would  entail  appreciable 
loss  in  sensitivity.  The  effect  of  filtering  is  shown  in  Figure  56. 

2.  Ultraviolet  Region 

The  possibility  exists  of  using  one  of  the  existing  ultraviolet- sensitive 
image  converters  or  others  being  developed,  together  with  a  filter  passing 
only  UY,  to  detect  the  UV  emission  from  a  flame.  The  spectral  pass 
band  could  be  chosen  to  render  the  system  partially  or  completely  blind 
to  ambient  daylight  by  restricting  the  band  to  the  osone- absorption  region 
\short  of  0.  29  micron.  Even  though  the  UV  radiation  from  the  flame  may 
be  very  small,  it  may  be  possible  to  detect  it  because  of  the  inherently 
high  sensitivity  and  low  noise  of  photocathodes  responding  to  this  region. 

The  disadvantages  are  (1)  the  large  amount  of  gain  required  in  order  to 
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present  a  visible  image,  (2)  the  inability  to  detect  overheat  conditions 
if  necessary,  and  (3)  the  requirement  that  the  image  detector  be  located 
physically  close  to  the  scene,  because  of  strong  UV  absorption  in  glass 
fibers. 


H.  Summary 

In  this  report,  formulae  and  tables  are  developed  from  which  one  may 
calculate  the  brightness  of  images  presented  by  image  converter  tubes 
in  combination  with  lenses,  mirrors  or  fiber  bundles,  when  such  systems 
are  used  to  view  overheated  objects,  flames,  and  scenes  illuminated  by 
ambient  daylight.  Formulae  are  also  offered  for  calculating  the  other 
important  factors  of  image  portrayal:  image  sire,  resolution,  and  eye 
freedom. 

Example  calculations  show  that  an  existing  image  converter  with  an 
S-1  infrared- sensitive  photocathode  is  capable  of  presenting  an  easily 
visible  image  of  a  hazard  such  as  a  flame  or  an  object  heated  to  750*  K 
or  above.  These  calculations  have  been  confirmed  qualitatively  in  ex¬ 
periments,  which  showed  that  a  source  at  600*  K  could  be  seen  under 
dark  ambient  conditions. 

The  calculations  show  that  even  after  attenuation  by  a  factor  at  1900  as 
might  occur  in  a  long  fiber  bundle,  a  flame  or  an  object  glowing  dull 
red  can  be  seen  with  an  image  converter  presently  available;  but  in 
order  to  see  readily  an  object  at  about  750*  K  under  these  conditions, 
one  would  have  to  add  another  image  tube  in  cascade. 

Another  conclusion  of  importance  is  that  in  using  an  existing  image 
tube  with  an  S-1  photocathode  filtered  to  reduce  daylight  response,  there 
should  be  no  question  of  one's  being  able  to  see  and  distinguish  an  ordi¬ 
nary  flame  from  background  even  when  under  direct  sunlight  illumination. 

A  high  altitude  blue  flame  shows  up  above  ambient  background  illumination 
of  approximately  one  foot- candle. 

How  cool  an  object  can  be  detected  in  an  actual  installation  will  be  de¬ 
termined  by  ambient  light  conditions  and  by  the  die  crimination  techniques 
that  can  be  utilised.  Some  improvement  is  realised  by  filtering  out  visible 
radiation  as  indicated  in  Section  G.  One  further  possible  technique  is 
to  chop  (mechanically  modulabs)  the  scene  radiation  falling  on  an  infrared- 
sensitive  image  converter  by  means  of  a  two-color  chopper;  if  both  of  the 
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color  filtoro  ar«  mad*  to  transmit  the  same  amount  of  ambient  light, 
tlie  image  tube  output  picture  of  the  ambient-lit  scene  remains  constant; 
hut  if  one  of  the  filters  is  made  opaque  to  infrared  while  the  other  is  made 
transparent,  then  an  overheated  object  or  flame  emitting  infrared  appears 
to  flicker  at  the  chopping  frequency,  whereas  the  rest  of  the  scene  remains 
steady. 


SUB-APPENDIX  A 


Transmission  tfcrough  a  Long  Fiber  Bundle 

Theoretically,  in  a  perfect  long  optical  fiber,  rays  striking  the  fiber  from 
a  point  source  at  an  angle  8  from  the  axis  of  the  fiber  emanate  from  the 
other  end  in  an  annular  beam  of  radius  0.  (This  effect  is  due  to  skew  vfps 
entering  the  fiber. )  If  this  were  so  actually,  the  exit  numerical  aperture 
of  the  bundle  of  rays  leaving  the  fiber  would  be  the  same  as  that  entering. 
Also,  if  this  were  so,  the  exit  pupil  of  an  optical  imaging  system  using 
such  fibers  to  convey  the  image  would  be  homogeneous  like  the  entrance 
pupil,  even  though  the  point  to  point  correspondence  between  etitrance  and 
exit  pupils  that  exists  in  conventional  optical  systems  is  destroyed  by  the 
action  of  skew  rays  in  the  fiber.  Practically,  because  of  surface  im¬ 
perfections  in  long  fibers,  the  exit  annulus  is  smeared  from  a  sharply 
defined  ring  to  a  broad,  weaker  and  less  defined  ring  (111).  The  effect 
on  the  exit  pupil  is  to  spread  it  out  to  a  larger,  weaker,  less -defined 
exit  pupil.  While  this  ^anomenon  does  not  greatly  affect  performance, 
it  needs  to  be  taken  into  account  in  the  optical  system  design. 


SUB -APPENDIX  B 


Formulae  for  Image  Intensification  and  Conversion 

To  evaluate  image  intensification,  it  is  necessary  to  consider  the  spectral 
distribution  of  the  energy  in  the  scene,  since  different  tubes  respond  dif¬ 
ferently  to  the  various  wavelengths  and  all  of  them  respond  differently 
from  the  human  eye. 

The  procedure  followed  below  is  to  (1)  relate  the  scene  spectral  radiance 
to  the  scene  visual  brightness,  as  in  Eq.  (a),  by  means  of  a  visual  effective¬ 
ness  factor  pv  and  the  mechanical  equivalent  of  light  L,  in  the  manner 
customarily  followed  in  computing  luminous  efficiency  (lumens  per  watt) 
of  a  source  (Cf:  Smithsonian  Tables,  9th  Ed. ,  Page  96. );  (2)  in  a  parallel 


manner,  relate  the  scene  spectral  radiance  to  the  scene's  effective  "bright¬ 
ness"  as  viewed  by  the  photodetector,  as  in  Eq.  (b). 

To  evaluate  the  above,  two  different  cases  are  considered:  (1)  a  scene  il¬ 
luminated  by  a  source  where  color  temperature  is  known,  and  (2)  a  source 
which  emits  radiation  associated  with  its  elevated  temperature  and  which 
may  or  may  not  be  visible.  In  the  former  case  we  combine  Eqs.  (a)  and 
(b)  to  relate  effective  radiance,  as  received  by  a  photodetector,  to  a 
brightness  which  can  be  expressed  in  familiar  terms  and  measured  by  a 
light  meter  such  as  a  photographic  exposure  meter,  as  in  Eq.  (c).  This 
leads  to  formulae  for  image  intensification,  when  the  optical  ^toiMtry 
is  introduced,  as  in  Eq.  (e)  below. 

In  the  latter  case,  we  evaluate  Eq.  (b)  directly  on  the  basis  of  blackbody 
temperature  and  emisaivity.  This  leads  to  formulae  for  image  conversion, 
when  the  optical  geometry  is  introduced,  as  in  Eq.  (d). 


The  visual  brightness  of  a  scene  viewed  directly  can  be  related  to  the  radiance 
of  the  scene  by  the  expression 

by  =  p^LN  (a) 

where  L  =  the  constant  680  lumens /watt  =  the  mechanical  equivalent 
of  light 

N  =  jNxdX 

=  radiance  of  the  scene,  total  watts  emitted  per  (cm®  ster). 

by  =  visual  brightness  of  the  scene,  candles  per  cm®  = 
lumens  per  (cm®  ster). 

Py  =  visual  effectiveness  factor  of  the  scene  radiation 

Pv  = 

Nx  =  spectral  radiance  of  the  scene,  w/(cm*  ster  micron). 
ay(X)  =  normalized  spectral  response  of  eye. 

X  =  wavelength  in  microns 

The  value  of  LPy  is  sometimes  called  the  luminous  efficiency  of  the  radiation, 
tabulated  for  various  color  temperatures  in  handbooks. 
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2.  Development  of  Formulae  for  Syitem  Brightnesa  Gain 


The  "brightness"  of  a  scene  as  detected  by  a  typical  photosensitive  surface, 
such  as  the  S-1,  can  be  expressed  as  an  effective  radiance  N,.  i  which  is 
the  total  scene  radiance  multiplied  by  an  effectiveness  factor  P(.i 

N.-i  -  P.-iN  (b) 

where  N,-i  =  S-1  effective  radiance  of  scene  in  S-1  effective  watt/ (cm*  ster). 

Pi-i  =  effectiveness  of  the  scene  radiation  =  -i  (^)W>.dX 

N 

^1-1  (^)  =  normalized  spectral  response  of  S-1  photosurface. 

F(X)  =  spectral  transmission  of  optical  filter.  If  no  filter  is  used,  F  =  1. 

3.  Evaluation  of  Scene  Brightness  in  Terms  of  the  Photodetector 

For  scenes  whose  color  temperatures  are  known,  such  as  those  illuminated 
by  sunlight  (5800*  K  color  temperature)  and  vdiose  visual  brightness  may  be 
measured  by  an  exposure  meter  (in  candles  per  ft*),  the  photodetector 
effective  radiance  is  obtained  by  combining  equations  (a)  and  (b)  above,  giving: 

N,.l  =  P,.l  by  (j.) 

■p;;!: — 

Values  for  pyL  are  published  in  Smithsonian  Physical  Tables,  9th  Ed.  Page  96. 
Values  for  P.-i  are  tabulated  in  Tables  A-2  and  A-3  for  various  sources  and 
illuminants.  If  by  is  measured  by  an  exposure  meter,  calibrated  in  candles 
per  sq.  ft.  ,  its  reading  must  be  divided  by  930  cm*  to  convert  to  candles /cm* 
(or  lumens/cm* -steradian).  ft“ 

For  self- emitting  objects  of  known  emissivity  and  temperature,  equation  (b) 
above  has  been  evaluated  to  yield  values  of  p  for  some  objects  of  interest. 

These  values  have  been  tabulated  in  Table  A-2. 

Values  are  also  calculated  for  the  case  where  an  idealized  optical  filter  is 
used  having  a  sharp  cutoff  at  0.  95  microns.  (F  =  0,  \<0.  95u,  and  F  =  1, 

\  >  0.  95m).  This  is  approximately  the  cutoff  wavelength  of  Corning  Filter 
#2540  and  Polaroid  XRX,  but  the  actual  filters  have  a  somewhat  less  sharp 
cutoff  characteristic. 
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4.  System  Brightness  Gain 


Having  determined  the  effective  radiance  of  the  illuminated  scene  or  self- 
emitting  object,  it  is  only  necessary  to  consider  the  optical  geometry  and 
the  radiant  conversion  index  M,  of  the  image  tube  to  arrive  at  a  value  for 
the  output  phosphor  brightness  and,  when  applicable,  the  image  intensifica¬ 
tion  or  brightness  gain  of  the  system.  These  are  given  in  Equations  (d) 
and  (e)  below. 

For  the  minimum  system  illustrated  in  Figure  A- 7,  consisting  of  a  lens  of 
numerical  aperture  N.  A.  forming  an  image  of  the  scene  on  the  cathode  of 
an  image  converter,  the  effective  ir radiance  I|-i  of  the  input  image  in  S-1 
effective  watts /cm®  is,  by  geometry, 

li-i  =  tt(N.  A.  )®N,  _i  (watts  per  cm®) 

and  the  phosphor  screen  output  brightness  is 

bp  =  Mrlt-l _ 

TT  m*  (candles  per  cm®) 

The  factors  of  n  and  m,  the  image  tube  magnification,  enter  because  the 
conversion  index  M,  is  defined  in  terms  of  total  luminous  output  (into  2n 
ateradians)  and  because  bp  is  expressed  as  a  brightness. 

The  response  of  the  system  to  a  self-emitting  object  is  therefore;  phosphor 
screen  output  brightness 

bp  =  Mr  (N.A.)^N,.i  (candles  per  cm®)  (d) 

- - 

Table  A-2  lists  computed  screen  brightness  for  a  Type  6411  tube  with  a 
0..5  N.A.  optical  system,  for  various  sources. 

The  visual  brightness  gain  of  the  system  is  obtained  by  combining  Eqs.  (c) 
and  (d)  as 


bp  Mr  (N.A.)®  P, _i  (e) 

by  no*  PyL 

For  the  special  case  of  2870*  K  tungsten  illuminatiop,  brightness  gain  may 
be  obtained  more  directly  using  published  values  of  visual  conversion  index 

My^  =  Mr  P,  .1  (lumens  per  watt) 

P  L 
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Thia  leads  to 


bp  ^  M^(N.A.)* 

by  n? 


5.  Sample  Calculations 

For  a  N.  A.  =  0.  5  optical  system  with  a  Type  6411  image  tube:  Brightness 
gain  when  the  scene  is  illuminated  by  2870*  K  color  temperature  tungsten 
lamps : 


b^  {N.A.)*M,  (P..i) 

by  n?  (  PyL.) 

_  (0.  S)^  2000  lumens /watt  jj  _ 0.  19 _ 

(0.  7)“  16.  3  lumens /watt 


=  12 

For  a  N.A.  =  0.  5  optical  system  with  a  Type  6411  image  tube  and  an  idealized 
optical  filter  cutting  off  sharply  all  radiation  below  0.  95  micron  in  wavelength, 
the  phosphor  screen  image  brightness  due  to  an  object  at  750*  K  emitting  as 
a  blackbody  is: 


bp  =  (N.A.)^  MrN.-i 

nn* 

_  (0.5)*  2000  lumens /watt  ^  ^  a  -.r  id*  watts 
JoTW  cm^  ster 

=  3.  4  X  10“*  lumens /cm*  ster.  (=  candles /cm*) 

=  10.  7  foot-lamberts 
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Figure  A-3. Spectral  enittance  of  a  typical  commercial  phosphor 


FiRure  A-4.  Resolution  of  No.  6411  imapte  converter  tube. 
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Imape  tube  screen 


riRure  A-5.  Use  of  an  eyepiece  maRnifier. 


Fifur*  A>I.UM  of  a  taporod  fibar  handle  aamifior. 
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rif^re  A-7.  Combination  of  an  objective  lens  with  an  image  tube. 


01 


ripure  A-8.  Objective  lens  and  image  tube  with  fiber  optic  faceplate. 


Figure  A-9.  Objective  lens,  fiber  bundle,  and  lens-coupling  to  image  tube. 
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